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DETERMINATION OF CRUSTAL STRUCTURE FROM PHASE 
VELOCITY OF RAYLEIGH WAVES 
Part III: Tue Unitep States 


By Maurice EwinG AND FRANK PRESS 


ABSTRACT 


Variations in phase velocity of Rayleigh waves from the Samoa earthquake of April 
14, 1957 are reported for the United States. These variations are correlated with topog- 
raphy and Bouguer gravity anomaly on a continental scale, demonstrating regional iso- 
static compensation. The correlation of phase-velocity variations with crustal-thickness 
changes is justified, and permits specification of the mechanism of compensation as the 
regional Airy system. 

Regional average crustal thicknesses are: Peninsular Ranges and Southwestern 
Desert, 40 km; Basin and Range Province, 48 km; Rocky Mountains, 47 km; Interior 
Plains, 35-41 km; Appalachian Mountains, 40 km. 
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The regional crustal structure of the United 
States was determined from phase-velocity 
measurements on the Rayleigh waves from the 
Samoa earthquake of April 14, 1957. Individual 
crests of the Rayleigh-wave train were traced 
across the United States, and crustal structure 
was inferred from variations in the velocity of 
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using the phase-velocity method (Press, 1956a, 
1957) were restricted to California, where 
numerous seismograph stations with identical 
instruments permit identification and correla- 
tion of individual crests without difficulty. 
As an extension of that method, a system of 
correlation is used in the present paper which 
permits a positive identification and correlation 
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over triangles an order of magnitude larger. 
When small triangles are used, the instrumental 
constants for all the seismograms must be as 
nearly equal as possible, because a small phase 
shift would introduce a significant error in the 
observed travel time. With the larger triangles, 
small phase shifts are negligible, and seismo- 
grams from any of the various types of short- 
period vertical instruments in this country can 
be used. Thus data from the existing seismologi- 
cal stations of the United States become 
available for use in determining regional crustal 
structure. Variations in the observed velocity 
can be measured with considerable precision, 
and from these velocities, regional variations 
in crustal structure can be deduced. The sig- 
nificance of this method of investigating crustal 
structure is demonstrated by the fact that a 
single earthquake and the existing network of 
stations provide a more comprehensive survey 
of the crustal-structure variations in the United 
States than that provided by all previous 
studies. 
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METHOD 
Use of Dispersed Waves 


The phase-velocity method (Press, 1956a) 
is based on the dispersion of Rayleigh waves, 
which is governed by the structure of the 
crustal layer. Owing to dispersion, the velocity 
with which a given Rayleigh-wave crest ad- 
vances depends upon the wave length or the 
period associated with that particular crest 
and upon the variation in elastic properties 
with depth. Theoretical methods (Ewing, 
Jardetzky, and Press, 1957, Ch. 4) permit cal- 
culation of the dispersion for various types of 
iayering in the earth’s crust. Thus, in principle, 
variations in the velocity of a Rayleigh-wave 
crest can be used to infer variations in the thick- 
ness of the crust. The procedure is particularly 
simple if thickness is the only parameter of 
the crust which is variable. In practical applica- 
tion of the phase-velocity method, the velocities 
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can be readily measured with the desired ac. 
curacy if the Rayleigh waves have traversed g 
long oceanic path before entering the area to 
be investigated. Dispersion over the long 
oceanic path provides a long train of nearly 
sinusoidal oscillations with gradually varying 
period. The propagation of such a train of waves 
across the area to be investigated can be meas- 
ured with adequate accuracy. The Rayleigh- 
wave train provided by a distant oceanic earth- 
quake contains waves from 35 seconds to 15 
seconds in period and from 150 km to 50 km in 
length. With an ideal distribution of stations, 
the method is effective for the study of a region 
with dimensions of the order of 1 wave length 
or larger. Thus with an ideal network of seismo- 
graphs, it is feasible to study the average 
crustal structure over geological provinces of 
the order of only 50 to 100 km in dimension, 
but in the present work, in which only the 
existing network of permanent seismograph 
stations is used, the units investigated are 
somewhat larger and in many cases contain 
parts of two or more geological provinces. The 


* results for each area will be given in terms of a 


phase velocity associated with each available 
Rayleigh-wave period and a crustal thickness 
for each of these periods. In general the values 
of thickness deduced for the various periods are 
the same within the limits of measurement, 
thus providing internal evidence of the validity 
of the method. 

Reduction of velocity to crustal thickness in- 
volves the assumption that the elastic constants 
of the mantle and crust show no significant 
variation and that the thickness of the crust is 
the only parameter which changes. This as- 
sumption is supported by the fact that elastic 
velocities in the upper crust and mantle show 
no significant variations between mountain 
and shield areas. Press (1956b) reports that the 
velocity of earthquake-generated Lg waves for 
paths traversing the Sierra Nevada block is 
3.53 km/sec. Using observations to distances 
of 1000 km from Nevada explosions, Bailey 
and Romney (1958) report velocities of 3.5 
km/sec. and 8.0 km/sec. respectively for Lg 
shear waves in the crust and compressional 
waves in the upper mantle (Pn). Carder and 
Bailey (in press) give 6.15 and 8.2 km/sec. for 
compressional velocities in the crust and mantle 
respectively for Nevada explosions detected in 
the Basin and Range province. Press (unpub- 
lished report) observed velocities of 6.0 km/sec. 
and 3.45 km/sec. for explosion-generated com- 
pressional and shear waves in the upper crust 
along paths in southern California and Nevada. 
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Elevation in Feet 
[ |o-660 3300-6600 
(77, 660-1650 6600-10000) 
650-3300 10,000- 


100" 


These Lg velocities depart insignificantly 
(less than 0.05 km/sec.) from those reported 
for shield areas. Similarly the compressional 
waves fall within the range of velocities 5.9-6.2 
km/sec. and 8.0-8.2 km/sec. reported re- 
spectively for P and Pn in shield areas (Guten- 
berg, 1955). To account for the observed phase- 
velocity variations in terms of velocity changes 
rather than thickness changes would require 
reduced crustal and mantle-shear velocities in 
topographically high regions of about 3.34 and 
4.45 km/sec. The corresponding compressional 


Ficure 1.—INDEX Map oF STAmTI0 


velocities would be reduced to 5.78 and 7.71 
km/sec. These are significantly below the re- 
ported values. The striking similarity between 
most observed phase-velocity data and the 
reference phase-velocity curves lends further 
support to the correlation of phase-velocity 
variations with thickness changes. 

In the phase-velocity method, as in other 
methods, lateral variations of the elastic param- 
eters can be allowed for, and variations in 
crustal thickness can be separated from these, if 
the anai;sis must be carried out in this fashion. 
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LOCATIONS WITH REFERENCE TO TOPOGRAPHY 


Two other effects of dispersion must be con- 
sidered if application of the phase-velocity 
method to crustal investigations is to be under- 
stood. In the dispersion of Rayleigh waves, the 
wave train lengthens as it travels outward. 
Thus not only the velocity of propagation of 
the crest but also the gradually changing 
period associated with it must be determined. 
This is usually done by plotting the sequential 
number of each wave in the train against the 
time of arrival. The measurement of the period 
is easily obtained from the slope of this curve 


except for the waves at the very beginning of 
the train, which may be of low amplitude. In 
general no difficulty is introduced into this 
study by the necessity of measuring the 
gradually changing period. 

Since the period of a given wave in the train 
changes gradually as the wave moves along, 
another concept of wave propagation, that of 
group velocity, must be introduced. If at each 
seismograph station of the network, the re- 
corded train of waves is examined and the time 
at which waves of a given period arrive is 
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measured, the velocity computed from these 
arrival times for the whole network would be 
the group velocity for waves of the chosen 
period. The group-velocity method has been 
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Use and Advantages of Seismograph Networks 


Table 1 lists the seismograph stations used 
in this study, together with their co-ordinates, 
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FIGURE 2.—CORRELATION CHART OF RAYLEIGH-WAVE CRESTS 
Fourth, fifth, and sixth Rayleigh-wave crests correspond to systematic curves, each appropriate to a 


definite path acros the continent. 


used for North America by Brilliant and Ewing 
(1954) and for Africa by Press, Ewing, and 
Oliver (1956). It does not require the identifica- 
tion of the same crest at the various stations 
of the network; however, its precision is much 
less than that for the phase-velocity method. 
The precision is lowered because the rate of 
progress being measured is of a less definite 
feature of the wave train than in the case of the 
phase velocity. 

The deduction of crustal thickness from the 
observed relationship between phase velocity 
and period is carried out by means of a grid 
similar to that shown in Figure 5. The method 
of construction of the grid has been described 
by Press (1956a). It is important to point out 
that these grids have an empirical basis but 
are compatible with theoretical dispersion 
curves and other seismological data. They 
depend on observations of group velocity of 
Rayleigh waves traversing long continental 
paths and on shear-wave velocities in the crust 
and mantle. 


distances, and azimuths from the epicenter. 
Figure 1 is an index map showing station loca- 
tions with reference to topography. This net- 
work system provides a means for correlation or 
positive identification of an individual crest 
when the distances between stations are con- 
siderably larger than the wave length. Given a 
triangular array of three seismograph stations, 
separated from each other by distances on the 
order of several wave lengths, one must identify 
the same wave crest in the seismograms written 
at each of the stations. For triangles of the size 
used in this study the correlation can be made 
in most cases to within +1 wave length on the 
basis of record character alone by superposing 
the two seismograms and seeking a similarity 
in pattern. Since the greatest and the least 
known or admissible values of phase velocity 
for waves in the range of periods used in correla- 
tion are 3.3-4.1 km/sec., uniqueness may be 
established if only one of the possible correla- 
tions yields a velocity in this range. A formal 
network solution will not be given here; how- 
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ever, in no case was there difficulty in estab- 
lishing uniqueness within the network as 
defined. If two or three possible correlations 
existed for a given triangle, a new triangle was 
formed from two of the stations and one new 
station; in all cases, this was sufficient to give 
a unique solution. In this manner correlation of 
the waves could be established across the 
entire continent. 

Passage of the wave front from ocean to 
continent is accompanied by refraction which is 
negligible when the wave front is nearly parallel 
to the continental margin. Under these cir- 
cumstances another powerful criterion for estab- 
lishing positive correlation is the requirement 
that the local direction of propagation deviate 


FiGuRE 4.—WaAvE-FRont 
Position of wave front is shown for successive increments in travel tis“ 


not more than a few degrees from the great- 
circle path from the epicenter. 

Demonstration of proper correlation can be 
made with the chart shown in Figure 2, where 
reduced travel times of the fourth, fifth, and 
sixth crests are plotted against distance from 
epicenter for all the seismograph stations. The 
time reduction is made according to the 
equation 


where ¢ is travel time, A is oceanic path taken 
as 7900 km, X is continental path (A — 7900 
km), with A as epicentral distance. The factor 
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FietH PASADENA CREST 
{20 seconds. Dashed lines indicate epicentral distances at 5° intervals. 


A/4.20 corrects approximately for the oceanic 
path. Here 4.20 km/sec. is approximately the 
phase velocity of 20-second oceanic Rayleigh 
waves. Similarly the factor X/3.75 allows ap- 
proximately for propagation across. the 
continent at the mean phase velocity of 3.75 
km/sec. With the open time scale permitted 
by use of reduced times it can be seen in Figure 2 
that the travel times plot on a series of sys- 
tematic curves, each appropriate to a definite 
path across the continent. Each station falls 
on one of these paths as indicated in Table 1. 
The change in ¢’ from station to station on 
any of the correlation curves of Figure 2 is so 
small with respect to the time between crests 
as to preclude the possibility of miscorrelation. 


In Figure 3, the passage of Pasadena crest 
number five from station to station is depicted 
by means of tracings from seismograms. 


Difficulties of “Interferences” 


A long-standing problem in surface wave in- 
vestigations is significant in the present study. 
This is the problem of the “interferences” ob- 
served in an otherwise uniform and gradually 
varying train of sinusoidal surface waves. Inter- 
ferences are characterized by a strong decrease 
in amplitude over an extent of a few cycles, 
with the amplitude commonly vanishing so that 
no waves can be counted through it. The 
plots of period versus arrival time for the 
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various seismograms indicate that the factor 
which causes the large change in amplitude 
also disturbs the phase in the neighborhood of 


extracting phase velocity from seismograms, 
involving amplitude as well as phase, may 
solve the problem. 


TABLE 2.—CRUSTAL-THICKNESS DETERMINATIONS FOR SELECTED SEGMENTS 


(See Table 1 for explanation of station abbreviations.) 


| | 
‘od Travel Time | | Mean 
| 

Pas.-Bo.C. 365 | 30.0 97.3 | 3.76 42 
| 25.0 | 99.5 | 3.68 39 39 

19.9 | 102.5 | 3.57 36 

Fre.-R.C. 1619 29.7 445.5 | 3.63 50 
25.0 457.0 | 3.54 | 47 48 

20.0 476.0 | 3.40 | 48 

Cor.-H.H. 818 29.5 218.0 3.75 42 
25.0 225.0 3.64 41 41 

20.1 231.5 3.53 39 

Min.-Butte 961 29.9 264.5 3.63 50 
25.3 272.0 3.53 48 48 

20.3 280.0 3.43 46 

Bo.C.-Bou. 950 31.6 262.5 3.62 53 
24.9 270.0 3.52 49 49 

20.0 276.0 3.44 45 

ace. 1833 30.0 477.5 3.84 37 
25.0 493.0 3.72 37 36 

19.7 508.0 3.61 34 

Law.-Cle. 1196 30.5 309.0 | 3.87 36 
| 25.4 320.0 | 3.74 37 36 

19.5 332.0 | 3.60 34 

Dal.-Col. 1441 | 30.2 375.5 3.84 38 
24.7 391.0 | 3.69 38 38 

20.0 409.5 | 3.52 39 

Cle.-W. 850 31.0 221.0 | 3.85 38 
25.0 228.0 | 3.73 37 36 

19.9 235.5 | 3.61 34 
Mon.-Hal. 785 29.8 | 204.0 | 3.85 37 38 

| 26.2 | 212.0 | 3.70 | 39 


the interference. Fortunately these inter- 
ferences generally occur sufficiently late in the 
wave train to permit correlations for periods 
down to 16 or 17 seconds. It was found that 
values of phase velocity versus period follow 
the trend indicated by the phase-velocity grids 
from the beginning of the wave train out to the 
occurrence of the first interference, but that 
beyond an interference, the points usually 
diverge wildly from an acceptable pattern. At 
the present time data from portions of seismo- 
grams showing obvious interferences are re- 
jected. Perhaps more sophisticated methods of 


REsutts: WAVE-FRONT CHART 


The arrival times for the crest identified as 
wave number five in the train at Pasadena 
are listed in Table 1. Figure 4 is a wave-front 
chart constructed from these data. The loca- 
tions of the seismograph stations are indicated 
on the chart together with the arrival time of 
the same wave at each station. The position of 
the wave was plotted for successive increments 
in travel time of 20 seconds on the basis of the 
correlated arrival times for all stations. Even 
on this diagram a systematic regional variation 
in the spacing of the wave fronts may be seen. 
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RESULTS: WAVE-FRONT CHART 


The deviation of the wave fronts from a cir- 
cular form with center at the epicenter is not 
large. Lines showing epicentral distances from 
70° to 95° have been placed on Figure 4 for 
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An attractive feature of the wave-front 
chart is its availability for the measurement 
of phase velocity across segments of the con- 
tinent chosen for their geological interest. 


TABLE 3.—CRUSTAL THICKNESS RESULTS BY REGION 
(See Table 1 for explanation of station abbreviations.) 


Mean Crus-| Standard | Standard 
Array Province tal Thickness} Deviation | Error of 
(in km) (in km) Mean 

Pas., Bar., Bo. C. Peninsular Range-S. W. Desert 38.1 1.9 0.6 
Bar., Bo. C., Tuc. Peninsular Range-S. W. Desert 42.1 2.2 0.6 
Pas., Bar., Tuc. Peninsular Range-S. W. Desert 47.1 3.4 1.0 
Pas., Bo. C., Tuc. Peninsular Range-S. W. Desert 39.0 a7 0.4 
Pas., Reno, Bo. C. Basin and Range 40.1 i.7 0.5 
Reno, Bo. C., Eur. Basin and Range $1.3 2.3 0.8 
Eur., S. L. C., Butte Basin and Range 47.8 2.5 0.7 
Bo. C., Eur., S. L. C. Basin and Range 49.0 Fe: 0.7 
Tuc., Bou., Lub. Rocky Mountain 47.2 5.4 I 
§. L. C., Butte, Bou. Rocky Mountain 41.7 9.8 3.0 
B.C, S. L.C., Bos. Rocky Mountain 48.7 2.2 1.0 
R. C., Bou., Boz. Rocky Mountain 47.8 2.8 0.9 
S. L. C., Lar., Boz. Rocky Mountain 47.5 4.2 ue | 
R. C., Lar., Boz. Rocky Mountain 47.7 3.3 1.0 
Rocky Mountain 49.0 0.3 
Lub., Dal., Law. Interior Plains 40.6 3.4 0.9 
Lub., Dal., Fay. Interior Plains 40.9 2.5 0.7 
Lub., Bou., Law. Interior Plains 39.3 2.9 0.7 
Fay., Law., St. L. Interior Plains 34.5 2.8 0.7 
Ge, Ch. B., Pal. Appalachian Mts. 40.1 2.4 0.6 
Ch. H., St. L., Pal. Appalachian Mts. 40.4 2.0 0.5 
Cle., K. L., Pal. Appalachian Mts. 41.0 1.6 0.4 
Pal., Sh. F., Wes. Appalachian Mts. 37.1 2.9 1.0 
Sh. F., Wes., Hal. Maritime 38.2 3.0 1.0 


comparison. This simple wave-front pattern 
follows from the choice of an earthquake with 
Rayleigh waves incident upon the continent at 
almost normal incidence for the greater part of 
the coast line. Evernden (1954) has observed 
much greater deviations from great-circle 
propagation in studying waves incident upon 
the continental border at an oblique angle. 

The refraction at a continental margin is 
clearly demonstrated in the northwestern part 
of the chart, where the coast line is not parallel 
to the wave fronts. An approximate velocity 
computed for the oceanic part of this segment 
for travel from the great circle through 
Corvallis to Victoria showed 4.12 km/sec., 
nearly equal to 4.2 km/sec., the expected high 
velocity for the oceanic segment of the path to 
Victoria. 


This rough measurement is accomplished by 
using the distance traversed normal to the 
wave fronts in an interval of time chosen that 
is long enough to minimize the errors inherent 
in the graphic method. This simple procedure 
is in most cases adequate for revealing the main 
features of variation of crustal structure to be 
discussed later. Results are shown in Table 2. 
For example, Pasadena wave number five 
traversed a 1619-km path from Fresno to 
Rapid City in 476 sec., giving a mean phase 
velocity of 3.40 km/sec. For the average period 
of 20 seconds, this corresponds to a crustal 
thickness of 48 km. 

In addition to measurement of phase velocity 
by this rough graphical method, more accurate 
values can be obtained by considering indi- 
vidual triangles suitably chosen with respect 
to the topography of the geological provinces. 
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Peninsular Ranges—Southwestern Desert Region 
(Figure 5) 


The triangles cover a composite region made 
up of parts of the Peninsular Ranges, and the 
Colorado and Mohave deserts. A crustal thick- 
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Appalachian Region (Figures 9 and 10) 


The triangle Chapel Hill-State College- 
Palisades includes the Appalachian Mountains 
and gives a crustal thickness of 40 km. A thick- 
ness of about 40 km is indicated for the triangle 
Cleveland-Kirkland Lake-Palisades, which also 
includes part of the Canadian Shield. In Figure 
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FicurE 11.—TRANSCONTINENTAL SECTION 
Topography, phase velocity, and Bouguer anomaly show correlation based on experimental data only. 


ness of 38-42 km is indicated for this region, 
the average being 40 km. A determination of 
47 km for the triangle Pasadena, Barrett, and 
Tucson is excluded because of the uncertain 
effect on phase velocity of the Gulf of Lower 
California, which lies in the path of the wave 
front. (See Table 3.) 


Basin and Range Province (Figure 6) 


Crustal thickness ranges from 40 to 51 km 
in the Basin and Range province; it averages 
47 km. The value 39 km determined for a 
path between Pasadena and Boulder City 
indicates a thickening of the crust as one enters 
this province from the southwest. 


Rocky Mountain Region (Figures 7 and 8) 


Data from seven triangles indicate crustal 
thickness in the range 42-49 km, with an 
average value of 47 km. 

Interior Plains Region (Figure 8) 

Crustal thickness in the Interior Plains 
region ranges from 35 to 41 km, the larger 
values occurring under the higher plains in the 
western part. 


10 the data for periods smaller than 25 seconds 
scatter because of interferences on the seismo- 
grams. If these data are neglected, the triangle 
Palisades-Shawinigan Falls-Weston shows a 
thickness of 37 km. 

A thickness of 38 km is indicated for the 
triangle Shawinigan Falls-Weston-Halifax. This 
region includes the Maritime Province as well 
as highlands associated with the Appalachian 
trend. 


DIscussION 


The measurements demonstrate clearly a 
relationship between phase velocity and mean 
elevation. Figure 11 shows a transcontinental 
section of topography and phase velocity of 
Rayleigh waves with periods of 30 seconds. 
The depths of the Mohoroviéié discontinuity 
deduced from the phase-velocity curves in 
Figures 5-10 and the Bouguer gravity anomalies 
(Woollard, 1943, 1948) are shown. Some results 
from earlier studies (Press, 1956a, 1957) are 
also included. Location of the section is indi- 
cated on Figure 1 as ABB’/CD. 

The phase velocities are lowest in the regions 
of greatest elevation. Thus the phase velocity 
is least in the Basin and Range and Rocky 
Mountain areas, much greater in the mid- 
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continent and coastal areas, and has inter- 
mediate values in the Appalachian areas. It 
must be emphasized that this correiation has 
been established on a purely observational basis 
and involves no interpretation of phase-velocity 
variations in terms of thickness or composition 
of the various continental layers. The compari- 
son of phase velocities with Bouguer anomalies 
establishes on a continental scale a correlation 
between a seismic parameter and a gravity 
parameter. The known correlation of gravity 
with topography is a proof of regional isostatic 
compensation. The additional correlation with 
phase velocity demonstrates the significance 
of phase velocity as an indication of crustal 
structure. 

Interpretation of phase velocity in terms of 
crustal thickness allows specification of the 
mechanism of isostatic compensation. The 
regional Airy system of compensation is a good 
approximation. From Figure 11 in the region 
95°-100°W. longitude it is seen that regional 
Bouguer anomalies as small as 50 milligals can 
be compensated as shown by the clear reduction 
in phase velocity. 
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> P. EXPERIMENTAL DEFORMATION OF DOLOMITE SINGLE CRYSTALS 
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media: By Donatp V. Hiccs AND JOHN HANDIN 
in the 
, Arie, ABSTRACT 
Special 
Jacketed cylindrical specimens of dolomite single crystals were deformed dry under a 
crustal constant confining pressure of 5000 bars at a strain rate of 1 per cent per minute at 
ayleigh temperatures from 24°C. to 500°C. Uniaxial compression and extension experiments were 
Geol. carried out with the load oriented (1) parallel to the optic axis ¢,, (2) parallel to a hori- 
— zontal axis a, (3) perpendicular to a cleavage r, and (4) parallel to an edge [f:/]. 
5-618 In orientations (1) and (2), unfavorable for basal translation, crystals loaded at tem- 
ucture peratures below 400°C. are brittle and fail on shear fractures inclined at about 30° to the 
, Part direction of greatest principal pressure. At 400°C. and above, specimens of orientations 
|. Soc. (1) and (2) flow in compression and extension, respectively. Large permanent deforma- 
tions are achieved in orientations (3) and (4), favorable for translation gliding, at all 
Jack, temperatures. 
wave Petrographic studies by the techniques developed by Turner in his investigation of 
nerica calcite crystals (Turner e¢ al., 1954a) reveal that translation gliding on c{0001} along the 
rental gliding line parallel to an a@ axis is the flow mechanism for orientations (3) and (4) below 
North 400°C. This confirms Johnsen’s (1902) first discovery and the results of the later work of 
cture: Turner ef al. (1954b) on dolomite rock. The intracrystalline slip mechanism for orienta- 
7-790 tions (1) and (2) is twin gliding on {{0221} in a negative direction sense (in contrast to 
tions the positive sense of e{0112} twinning in calcite), which, however, occurs only at about 
rans., 400°C. and above. This confirms the hypothesis of Fairbairn and Hawkes (1941) and the 
data of Turner ef al. (1954b) and Handin and Fairbairn (1955) for dolomite rocks. In 
ene orientations (3) and (4) twinning occurs to the exclusion of translation at 500°C., and 
SMO- both mechanisms are operative at 400°C. 
TUTE The critical resolved shear stress for translation increases with temperature up to 
\VE., 460°C. at least, a most unusual behavior. The critical stress for twinning decreases at 
least in the range of 400°C. to 500°C., and the two critical stresses are equai at about 
THE 400°C. 
A few magnesite crystals were deformed parallel to c, under similar conditions. Basal 
TION translation cannot occur in this orientation, but translation on r{1011} along the line 
saad {1011:0221] does occur. No twinning was detected. 
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INTRODUCTION 


The intracrystalline flow of an aggregate is 
better understood in the light of information 
about the deformation of single crystals of the 
species comprising this aggregate. Thus the 
knowledge of gliding flow of limestone is much 
enhanced by the work of Turner et al. (1954a) 
on calcite single crystals. The primary purpose 
of the present investigation of dolomite crystals 
is to build a firmer foundation for the under- 
standing of the deformation of dolomite rock. 

Johnsen (1902) first successfully deformed 
dolomite single crystals in the laboratory. 
Tschermak’s (1881) earlier efforts to produce 
twin gliding had been inconclusive, and John- 
sen’s experiments were designed to induce 
mechanical twinning. He was_ unsuccessful 
despite repeated attempts, but he did achieve 
basal translation gliding (T = {0001}, t 


[1010]). The experiments were conducted at 
room temperature and atmospheric confining 
pressure. 

From studies of naturally deformed dolomite 
rocks, Fairbairn and Hawkes (1941) concluded 
that. dolomite did twin mechanically on 
{{0221} and postulated a direction sense of 
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Plate Following page 
4. Photomicrographs of specimens 170, 174,) 
and 161 
5. Photomicrographs of specimens loaded per- 
pendicular to 7. 
6. Thin sections of dolomite specimens loaded 
parallel to [f2:/;] and magnesite 
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Table Page 
1. Notations of individual planes for each of the 
four common crystallographic forms in 
dolomite. 
Useful interfacial angles in dolomite... 250 
. Calculated angles of internal rotation of e, 
nm, my, C(0001), fo, e2, and r2 by complete 
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4. Chemical analyses of crystals A, B, Ci, and 

C2 expressed in weight per cent. 254 
CaO/ MgO ratios for the crystals A, B, 

6. Crystallographic data relative to load 

7. Resolved shear-stress coefficient for postu- 

lated gliding elements for different direc- 


8. Summary of experiments... .. . . 256 

9. Yield stresses of dolomite ¢ cry. rystals and cor- 
responding resolved shearing stresses for 
translation gliding on c{0001} and twin 


gliding (negative) opposite to that of the well- 
known e{0112} twin in calcite (positive). 

Turner et al. (1954b) and Handin and Fair- 
bairn (1953; 1955) independently and at about 
the same time deformed dolomite rocks under 
high confining pressures at high temperatures. 
Both produced mechanical twins on /{0221} 
and reported a negative direction sense. Tur- 
ner et al. also detected basal translation in 
their specimen, confirming Johnsen’s discovery. 
Translation was not noted by Handin and 
Fairbairn, because in their specimens most of 
the dolomite grains were oriented relative to the 
applied load such that the resolved shear stress 
on c{0001} was very low. 

Under similar test conditions dolomite rock 
is stronger and less ductile than limestone. 
(Cf. Handin and Fairbairn, 1955, Fig. 5; 
Griggs et al., 1951, Fig. 1; 1953, Fig. 1.) The 
ultimate strength of limestone (Yule marble) 
at room temperature exceeds that at 300°C. 
by about 50 per cent (under 5000 bars confining 
pressure). An increase of temperature from 
24°C. to 300°C. reduces the ultimate strength 
of dolomite less than 10 per cent. Heating 
influences the ductility of dolomite very little 
(up to 300°C.), whereas the ductility of lime- 
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INTRODUCTION 


stone is enhanced. The Yule marble has a 
pronounced strength anisotropy which can be 
correlated qualitatively at least with its marked 
preferred orientation of calcite optic axes 
(Griggs and Miller, 1951, Table 3). However, 
the Hasmark dolomite has little strength 
anisotropy despite the fact that its preferred 
orientation is as strong as that of the Yule 
marble (Handin and Fairbairn, 1955, p. 1264). 

Although it has not been possible to predict 
the behavior of the limestone precisely from 
the properties of single calcite crystals, the 
effects of temperature and of orientation of 
load relative to the rock fabric are better 
understood now that the gliding systems of 
calcite crystals are known as well as the tem- 
perature dependence of the critical resolved 
shear stresses of these systems. The success of 
the monumental calcite crystal study is due 
largely to Turner’s method (1954a) of identify- 
ing the gliding elements for both twinning and 
translation. This technique makes use of inter- 
nal rotations of the crystal structure resulting 
from the simple shear of the intragranular 
gliding process. The method had already been 
applied successfully in the study of dolomite 
rock (Turner et al., 1954b) and is used in this 
single crystal investigation. 

In order to accomplish our purpose we con- 
sider it necessary (1) to obtain stress-strain 
relations of dolomite crystals for a wide range 
of temperatures (24°C.—500°C.), (2) to identify 
the operative gliding systems to confirm the 
data of experiments on dolomite rocks and to 
discover unreported systems, if any, (3) to 
correlate the stress-strain data with the gliding 
mechanisms, especially to determine the critical 
resolved shear stresses as functions of tempera- 
ture. Having done this, we will show that the 
behavior of dolomite rock, especially in con- 
trast with limestone, is more readily under- 
standable. 
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INTRAGRANULAR ROTATION PHENOMENA 


Turner’s important new technique merits a 
review of its underlying principles. When a 
mineral is deformed by translation or twin 
gliding, lamellae present before deformation 
are rotated during the gliding process. This is 
analogous to shear folding, if the process is 
thought of as a simple shear. 

A lamella P (Fig. 1A) in existence before 
deformation is rotated to a new position by 
gliding on the set of parallel planes T. Two 
kinds of rotation are recognized: external 
rotation is defined as rotation of crystallo- 
graphic elements relative to external co-ordi- 
nates (e.g., rotation of the gliding plane relative 
to the loading axis); internal rotation is defined 
as rotation of elements relative to internal 
co-ordinates (e.g., rotation of twin lamellae 
relative to the optic axis). In Figures 1B and 
1C the lamella P has been rotated internally 
to the position Z in the deformed sector of the 
crystal. This is the simplest case, and the lattice 
in the deformed sector has remained unchanged 
in orientation (i.e., the optic axis, the gliding 
plane T, and the rational position of P remain 
unchanged) because the ends of the specimen 
were free to move laterally during deformation. 
External rotation occurs when the crystal is 
under constraint (i.e., the ends are not free to 
move laterally), and the active gliding plane 
must rotate to accommodate the shear.! This is 
illustrated in Figures 1D and 1£ which show 
that the gliding plane T and the lamella P in 
the deformed sector have been rotated relative 
to the load axis to JT; and P,, respectively. 
Here the lamella P has been rotated internally 


1 This can be demonstrated by the reader. Mark 
a line on the side of a pack of 3 by 5 index cards and 
hold one end of the pack in place on a desk top. 
If the gliding plane is parallel to the planes separat- 
ing the individual cards, it must be rotated (ex- 
ternally) to produce shear along that plane when 
one end of the pack is fixed in position. If the shear 
is uniform throughout the pack, the line marked on 
the edge will have been rotated internally. 
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relative to the externally rotated P; in the 
deformed sector. The angle of internal rotation 
is the angie between the internally rotated 


axis of the zone defined by the gliding 
plane and a rotated lamella in all positions 
of rotation. (The poles of the gliding plane 
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Figure 1.—ScHeEMaAtic ILLUSTRATION OF INTERNAL AND EXTERNAL ROTATIONS 
The sense of shear and the direction of loading are indicated by arrows at ends of the sections. Direction 
senses of internal and external rotations are shown by curved arrows. 


lamella Z and its rational position P; in the 

deformed sector. 

The several geometric relations which hold 
for gliding processes are: 

(1) External rotation of a lamella is always 
toward parallelism with the least principal 
stress direction. 

(2) Internal rotations of lamellae are always 
opposite in direction sense to that of the 
external rotation. 

(3) The axis of external rotation lies in the 
gliding plane and is normal to the gliding 
direction, when a specimen is constrained 
and kink bands are developed. 

(4) The axis of internal rotation is the inter- 
section of the gliding plane and the rotated 
lamella. 

(5) The axis of internal rotation is the zone 


and the rotated lamella in all positions of 
rotation will fall on a great circle when 
plotted on either the stereographic or 
equal-area net.) 

Turner et al. (1954a, p. 900) have shown that, 
if the magnitude of the shear strain and the 
gliding system? are known, the angle of internal 
rotation can be calculated for any lamella 
rotated during deformation from the equation 


cot a — cotB = ssiny, (1) 
where @ and B are the angles between the la- 
mella and the gliding plane before and after 


rotation (8 always taken as the larger angle), 
y is the angle between the gliding direction 


system. 
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and the axis of internal rotation, and s is the 
shear strain (2 tan(W/2), where y is the angle of 
shear). The longitudinal strain ¢, the shear 
strain s, and the coefficient of resolved shear 
stress (So) for a single crystal are related 


Notation for Rotated Lamellae 


Since this notation for rotated lamellae was 
introduced only recently (Handin et al., 1957, 
p. 1203) to replace the less flexible system used 


TABLE 1.—NOTATIONS OF INDIVIDUAL PLANES FOR EACH OF THE FouR COMMON CRYSTALLOGRAPHIC 
Forms IN DOLOMITE 


Zone | | Zone 2 Zone 3 
ag = zone axis | @ = zone axis 4, = zone axis 
form | indices | __form | indices form | indices 
f, | (2021) | | (2201) fe | (0221) 
| (To12) | eo | (1102) es (0172) 
rs | (tort) ro (1101) rs (o1tt) 
| (1010) | (1100) Mg (o110) 


(Handin and Griggs, 1951, p. 867) by the 
equations 


i+e= Vi+ 2sSo + s? sin? xo for extension, 
and 
l-e= V1 —25 +38 sin? x» for compression, 


where Xo is the angle between the gliding plane 
and the load axis before deformation. The 
strain € can be calculated from measurements 
of internal rotations in a crystal if the gliding 
system is known. Where ¢ and s are small 
these formulas can be reduced to the form 
€ = sSo. By substitution, then, 


So(cot @ — cot B) 
sin y . 


(2) 


NOTATION CONVENTIONS 
Crystallographic Notation 


The four common crystallographic forms 
of dolomite are /{0221}, e{0112}, r{1011}, 
and m{1010}. It is necessary, however, to 
designate specific planes. The convention used 
by Turner ef al. (1954a, p. 886) in their study 
of calcite single crystals is followed here. All 
the common forms that are cozonal with one 
another and with {0001} have the same sub- 
script number appended to the form designator. 
Thus fi, e:, and 7m are cozonal. The forms and 
their notations are listed in Table 1, and their 
crystallographic relationships are _ illustrated 
graphically in Figure 2. 

For identification of various planar struc- 
tures the interfacial angles listed in Table 2 
are useful. 


at 
‘ 27 
a 


LOAD axis m, 


FIGURE 2.—CRYSTALLOGRAPHY OF DOLOMITE 

Stereographic projection (upper hemisphere) of 
the common forms and the crystallographic axes. 
The load axes are projected also. 


previously (Borg and Turner, 1953; Turner 
et al., 1954a; 1954b), a brief description 
seems warranted. 

Rotated lamellae are identified by the 
symbol L. Specific rotated lamellae are identi- 
fied by subscripts (fs, 71, s) which relate them 
directly to their original rational positions in 
terms of accepted (Palache ef al., 1951) crys- 
tallographic notation for forms of the particular 
crystal involved. These crystallographic nota- 
tions are used also as superscripts to identify 
the active gliding planes. Hence L},/ identifies 
an m; lamella that has been rotated by gliding 
on the »; plane. The lamella that is rotated is 
identified by the subscript, the operator (or 
active gliding plane) by the superscript. Since 
lamellae may be rotated by successive or simul- 
taneous gliding on two or more gliding planes, 
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additional operators are added in superscript 
where the individual operations are identified, 
and they are separated by bars. For example, 
identifies the lamella which results 
from rotation of an m; lamella by gliding on 


TABLE 2.—UsEFUL INTERFACIAL ANGLES IN 
DOLOMITE 


== = = 


fant ='¢2 1/2° fo = 80° 
= 28 4/2? fy = 76 1/2° 
car = 44° fy a fo = 50° 
cam = 90° fy AM = 63 1/2° 
= 37° te * 74° 

fy ary = 73 1/3° A 2 44° 

f, Am, = 27 1/2° 


each of the three plains 0;, Chronological 
order of gliding is not implied by sequences of 
letters in the superscript because in many cases 
it cannot be determined. An ¢ lamella in calcite 
may be rotated by twin gliding on another e 
plane followed by translation gliding on an 
r plane. The resulting rotated lamella would 
be identified as L£!/"*, where the specific e and r 
planes are identified. This system does not 
distinguish between twin gliding and transla- 
tion gliding. The type of gliding must be 
specified in the text. 


GLIDING MECHANISMS 


The established gliding systems in dolomite 
are (1) translation on c{0001} in a direction 
parallel to an a axis, and (2) twin gliding on 
{0221} with K, = (2201), Ni = [1104]. (See 
Fig. 3.) The direction sense of twinning is 
negative in contrast to the positive sense of 
twin gliding on e{0112} in calcite as defined by 
Turner et al. (1954a, p. 887). 

As Turner et al. (1954a, p. 926) state, 


“All the petrographic data [regarding deformed 
crystals], and especially those relating to internal 
rotation, can best be explained on the orthodox 
assumption that the essence of plastic deformation 
in ionic crystals is gliding on one or more gliding 
systems. Each system comprises a glide plane and 
within it a glide direction, both of some simple 
crystallographic orientation. We make no specific 
assumptions regarding relative motions of ions 
during gliding. Whether this involves the generation 
and migration of dislocations along fixed paths in 
the lattice, or some other mechanism, the ultimate 
result of gliding is as if successive thin layers parallel 
to the glide plane were relatively displaced along 
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the glide line in a uniform sense. In translation 
gliding each displacement is through an integral 
number of interionic distances, so that the con. 
figuration of the lattice remains unchanged. In 
twin gliding each layer has moved through a con. 
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¥ deformation 
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2g 2g \ 
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frace of gliding plane K, gliaing 
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FiGuRE 3.—DIAGRAM ILLUSTRATING SIMPLE SHEAR 
(After Bell, 1941, Fig. 5). The plane of deforma- 
tion is the projection plane. 


stant appropriate fraction of an interionic distance 
so that the deformed lattice is in twinned relation 
to the initial lattice.” 


Hence, the shear s in translation gliding is not 
fixed. Shear in twin gliding is fixed according to 
the symmetry requirements of the lattice 
across the twin plane and to the direction sense 
of gliding. 

From symmetry considerations alone, the 
shear must be such that all positions of the 
twinned lattice are satisfied. The shear depends, 
therefore, upon the selection of “the other 
plane of no distortion”, Ke (cf. Bell, 1941, p. 
252; Pabst, 1955, p. 898), since s = 2/tan 2¢ = 
2 tan(W/2), where 26 is the angle between 
K, and K} (Fig. 3) and w the angle between 
K} and its position after gliding. If one visual- 
izes the twin gliding process as one of simple 
shear with gliding on successive ionic layers, 
the shear must be such that all ionic positions 
in that part of the lattice where gliding occurs 
are in twinned positions relative to their posi- 
tions in the host lattice. If the movement is 
from left to right (Fig. 4), the atom at position 
1 (original position) will move to position 3, 
and the trace of K» will be defined by the line x. 
If the movement is from right to left, the atom 
at position 2 (original position) will move to 
position 3, and the trace of Ky» will be defined 
by the line y. In either event the symmetry 
requirements of the twinned lattice are satis- 
fied. 

The direction sense of twin gliding places an 
additional restriction on selection of the “other 
plane of no distortion.” Because of steric 


hindrances or charge barriers, twin gliding can 
occur on a particular plane by gliding in one 
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GLIDING MECHANISMS 


direction sense only. Thus (Fig. 4) charge 
barriers prohibit the atom at position 2 from 
moving to position 3, since it would necessarily 
pass too close to the ion of opposite charge at 
position 4. The proper direction sense is indi- 


untwinned 


FicurE 4.—SEcTIon THrRouGH HyPOTHETICAL 
LATTICE 
Illustrating selection of “other plane of no dis- 
tortion” (Kz) depending upon the direction sense 
of gliding. 


cated by the arrows on the figure—the atom at 
1 moves to 3 during the gliding process. Hence, 
the correct selection of Ke is dependent first 
upon the symmetry requirements and secondly 
upon the direction sense of gliding. The value 
of shear for twin gliding on a specific plane is, 
therefore, fixed. 

According to Pabst (1955, p. 907-908), if 
the direction sense of twin gliding on /{0221} 
in dolomite is negative, s = 0.5874, and if the 
direction sense is positive, s = 1.0408. Handin 
and Fairbairn (1955, p. 1268) give the value 
0.59 for negative sense. They indicate the 
relative magnitude of shear for the positive 
sense in their Figure 7, from which the angle of 
shear w for the positive sense is the angle 
between (0112) in the initial structure and 
(0112) in the twinned lattice; s would be 
2.6686. 

Figure 5 is a section through the dolomite 
structure parallel to (1120) with (2201) as the 
gliding plane. The gliding direction is parallel 
to the plane of the section which is, therefore, 
the plane of deformation S as defined by 
Pabst (1955, p. 898). The positive and negative 
direction senses are indicated, and the three 
planes under consideration are labeled e2, ro, 
and (0001). If the direction sense is negative, 
Ky = rq (1101) and s = 2 tan(32°44’/2) or 


0.5874. The CO; group at position / of the 
host structure moves to position 2 of the 
twinned structure. During the movement of 
the layer of CO; groups, all layers above will 
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move as a unit (e.g., the Mg ion at A will move 
to B). Then twin gliding of the Mg layer must 
move the Mg ion at B to C, which is a Mg 
position in the twinned structure. If the direc- 
tion sense is positive, K2 = e2 (1102) ands = 2 
tan (106°18’/2) or 2.6686. The COs; group at 
position 3 moves to position 2, and at the same 
time all layers above this layer will move as a 
unit (e.g., the Mg ion at E moves to position D). 
Then twin gliding of the Mg layer will move the 
Mg ion at D to C, again a Mg position in the 
twinned structure. 

As postulated by Pabst (1955, p. 907) and 
Turner et al. (1954b, p. 485), if the direction 
sense is positive (Fig. 5) and K, = c(0001), 
then s = 2 tan(54°59’/2) or 1.0408. Now, 
however, when the Mg ion at A moves to F, 
the CO; group at position / moves to position 
4 which is not a rational position for the CO; 
group in the twinned structure; that is, the 
structure would no longer be that of dolomite. 
The two possible “other planes of no distortion” 
in dolomite, therefore, are r{1011} and e{0112} 
for the negative and positive direction senses 
respectively, and the values of shear are 
0.5874 and 2.6686, respectively. All COs 
positions, as well as Mg and Ca positions, must 
be taken into account. 

Handin and Fairbairn (1955, p. 1271) present 
evidence for a negative direction sense. They 
find that “compression at 300°C. of specimens 
favorably oriented for twinning on {0221} in 
a negative sense results in a profusion of 
lamellae... .” and “plots of lamellae spacing 
index vs. resolved shear stress consistently 
show that lamellae develop most profusely 
parallel to {0221} planes of highest resolved 
shear stress in the negative sense.” 

Turner et al. (1954b, p. 486) conclude that 
“the sense of shear for twinning on {022!' is 
negative. ...,’’ and “the conspicuous twinning 
is restricted to grains whose c axes were origi- 
nally inclined to the axis of compression at 
angles between zero and 25°.” Their evidence 
is based in part on internal rotations of lamellae 
that were in existence before the experimental 
deformation. They show how (p. 485) 


“ ...apre-existing {0221} lamella in dolomite 
will rotate internally to a new orientation during 
twin gliding on f,. And this new orientation can be 
computed from the geometry and sense of twinning 
on {0221}. It can be shown that if shear on /; is 
negative, an original f: lamella rotates internally 
through 21° and so comes to coincide with fo of the 
twinned lattice.... If shear on f; were positive 
the angle of rotation in the opposite sense would be 
28° and the ultimate position of the rotated fe 
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GLIDING MECHANISMS 


structure would coincide with 7; of the twinned 
lattice.... We have measured a number of dolo- 
mite grains in which an early set of f2 lamellae are 
deflected within broad /, lamellae of later origin. 
In every instance the deflected lamella is parallel 
to fe of the lattice formed by twinning on fi. The 
sense of shear must be negative.” 
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indeed to obtain several excellent specimens 
from the private collection of Mr. Ronald E. 
Januzzi, who collected the crystals from the 
old Tilly Foster mine in Putnam County, New 
York. There were two individual cleavage 
trhombs about 2 inches on a side which we 


TABLE 3.—CALCULATED ANGLES OF INTERNAL ROTATION OF ¢1, 71, 71, (0001), fo, €2, AND 72 BY COMPLETE 


Identity before Angle of Rotated lamella Runerke 
rotation rotation coincides with 
472" * m exam, = 9°21 1/2' 
rs 32°44' ry ran ry = 32°44' 
1/2" mA ex = 9°21 1/2' 
(0001) 42°4' c(Q001)a = 42°4' 
fo 20°47' fs fon fg = 20°48’ 
ro 10°24" fo a = 


*The prime symbol is used here to distinguish the form in 


erystal. 


Their argument is not invalidated by using an 
incorrect value of shear (1.0408) for the positive 
sense; based on the correct value (2.6686) for 
positive sense, the angle of internal rotation 
would be much greater (51°12.5’) and would 
only enhance their point. 

The amounts of internal rotations due to 
complete twinning on /f; in the negative sense 
were computed for the forms ¢, 71, 7m, c(0001), 
fo, €2, and re by equation (1). The rotated lamel- 
lae coincide with rational crystallographic 
forms of either the twinned or host structure 
as indicated in Table 3. Since the shear is not 
fixed in translation gliding, the amount of 
internal rotation is variable, and the positions 
of rotated lamellae do not necessarily coincide 
with rational forms. 

Thus the experimental work on dolomite 
rock confirms the hypothesis of Fairbairn and 
Hawkes (1941, p. 621) that the direction sense 
of twinning in dolomite would be ‘the opposite 
of that in calcite. The fact that in dolomite the 
sense is negative rather than positive is to be 
expected in view of the much smaller shear 
required to bring the twinned structure into 
proper relationship with the host. 


SELECTION AND PREPARATION OF MATERIAL 


In nature, dolomite single crystals sufficiently 
large and flawless for experimental deformation 
studies are extremely rare. We were fortunate 


the twinned part of a 


labeled A and B and a huge specimen consisting 
of an intergrowth of three large crystals (Pl. 1, 
fig. 1), which we denoted C, C2, and C3. 

None of the translucent crystals was optically 
flawless. There was much incipient cleavage, 
and the crystals contained a few veinlets filled 
with kaolinite. Few of the test specimens, how- 
ever, contained macroscopic impurities, since 
it was almost always possible to avoid concen- 
trations of foreign matter when coring the 
test cylinders, except in crystal C3 which was 
not used. 

A chemical analysis was made of each crystal 
from which experimental material was procured 
(Table 4). Crystal B turned out to be magnesite. 
Since several experiments were conducted on 
test pieces cut from this crystal before it was 
identified, the results for magnesite are in- 
cluded in this paper. The other three crystals 
have CaO/Mg0O ratios (Table 5) close to the 
value of 1.38:1 for the ideal dolomite structure. 
Ferrous iron, the chief impurity, is present in 
the amount of 2 per cent in the dolomite 
crystals. All other impurities constitute less 
than 1 per cent of the weight of the crystals. 
The magnesite contains 3 per cent ferrous iron 
and 4 per cent other impurity oxides. Very 
fine grains of magnetite and kaolinite were 
scattered sparsely throughout all the crystals. 

Cylindrical test specimens were drilled from 
the crystals with a diamond core bit. Most of 
the specimens had a diameter of half an inch. 
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These were cut to a length of 1 inch if possible. to the intersection [fo:/3]. (See Fig. 2.) Table 
However, in order to use the available material 6 summarizes the gliding mechanisms to be 
most economically, it was necessary to test expected for each of these orientations, and 
some cylinders with a length of as little as Table 7 lists the resolved shearing-stress coeff- 
half an inch. Fortunately, the length/diameter cients for some postulated gliding elements for 
ratio appears to have no influence on the stress- the four loading directions. 


TABLE 4. —Cumancat A ANALYSES OF Cuverans A, B, Ci, AND C2 EXPRESSED IN WEIGHT PER CENT 


Oxide (method) A B Cs Co 
cad (Gravimetric) 28.9 | 1.8 | 29.8 | 29.4 
MgO (Gravimetric) | i 42:8 Bhat | 20.9 
FeO (Titrometric) 2.0 3.0 1.9 | 2.0 
MnO (Spectrochemica!) 0.3 0.5 0.3 0.3 
C02 (Gravimetric) 46.3 48.5 47.2 | 47.0 
Rem* 3.5 | 0.1 
Total | 99.8 100. | | “100. 4 | 99.7 


*Rem includes SiQ,, Fe203, AlgO3, Na,O, and Srod. 


TaBLeE 5.—CaO/MgO Ratios For THE CRYSTALS EXPERIMENTAL WorRK 
A, B, GQ, AND Cz 
Apparatus and Procedures 
Ratio | A 8 Cs | Ce 
cao/mgo | 1.3621 | | 


The apparatus, procedures, and techniques 
for triaxial compression tests have been de- 
strain curves. During the coring operation, scribed in detail (Handin, 1953; Handin and 


small chips were dislodged from the cylindrical Hager, 1957). The jacketed, cylindrical speci- 
surfaces of the specimens. In order to prevent ™ens are first subjected to a hydrostatic con- 
the thin copper jacket from intruding into the fining pressure of 5000 bars. In a compression 
voids where it often failed, it was necessary to test a load is superposed so that the greatest 
wrap the test pieces with brass foil before Principal stress is parallel to the cylinder axis. 
surrounding them with the jacket of seamless, 1m an extension test the end load is relieved, 
annealed copper tubing of 0.01-inch wall thick- 4nd the least principal stress is longitudinal. 
ness. In practice the desired confining pressure is 
Because of surface imperfections due to chip- @pplied first. The test chamber is then heated 
ping and because of impurities, it was impossible ¢Xternally to bring the specimen to the desired 
to prevent jacket leaks when using thin-walled temperature. The sample is then deformed at 
tubing for tests at 500°C. Accordingly, under- 4 Constant strain rate of 1 per cent per minute. 
sized specimens 0.375 inch in diameter and The apparatus is allowed to cool, the pressure is 
0.75 inch long were prepared for high-tempera-_ ‘élieved, and the test piece is removed from the 
ture experiments. The space between the sample @Pparatus. Measurements are made of the 
and the standard half-inch copper jacket was final length and of the major and minor diam- 
filled by a brass sleeve. At 500°C. the strength ¢ters of the central sector of the deformed 
of the brass is small, and the correction for the Specimen and also of the inclination of shear 
contribution of the ‘sleeve to the applied load fractures when present. 
is less than 10 per cent of the total load. The Stress-strain curves are derived from re- 
strength of the copper jacket is negligibly corded measurements of press motion and 
small at all temperatures. differential force. The latter is corrected for 
The choice of the orientations of the speci- friction and the “true” longitudinal differential 
mens relative to the applied load was dictated Stress is computed for a given strain on the 
by previous investigations on dolomite rock. @ssumption that the deformation is homogene- 


Cylinders were cored in four directions (1) us and that no volume changes result from 
parallel to the optic axis c, and normal to the permanent straining. The piston displacement 
base c(0001), (2) parallel to the axis a, (3) nor- is corrected for apparatus distortion, and the 
mal to the cleavage r; (1011), and (4) parallel conventional longitudinal strain is computed. 


| | 
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) Table TABLE 6.—CRYSTALLOGRAPHIC DATA RELATIVE TO LOAD AXES 
s to be The axis of a cored cylinder is parallel to the greatest principal stress in compression experiments and 
ns, and parallel to ah least principal stress in extension iesanemaninal 
S coeffi Orientation of cy! inders “Remarks 
ents for A. Favorable for twin gliding: 
1) Parallel to c, Resolved shear stress high for all 
three f planes, zero on {0001}. Favora- 
ENT ble for twin gliding on f{0221} in com- 
pression only, if negative direction 
| sense is assumed. Translation gliding 
2) Parallel to a; Resolved shear stress high on two f 
planes, zero on third f plane and on 
{0001}. Favorable for twin gliding on 
two f planes in extension only, if nega- 
tive direction sense is assumed. Twin 
| gliding on third f plane and translation 
| gliding on {0001} are impossible. 
B. Favorable “for translation | 
gliding: 
3) Normal to ry | Resolved shear stress near maximum value 
jon {0001} and lower on f{0221}. Favora- 
| ble for translation gliding in compres— 
| sion and extension. Twin gliding less 
likely but possible on f,; in extension 
and on fp and fg in compression if nega— 
tive direction sense is assumed. 
4) Parallel to {fo: fs] Resolved shear stress near maximum on 
{0001}, zero on fg and fg, and moderate 
on fy. Favorable for translation glid- 
ques ing in compression and extension. Twin 
n de. gliding impossible on fz and fg. Twin 
1 and gliding on fy possible in compression 
. only if negative direction sense is 
assumed. 
‘SSI 
me TABLE 7.—RESOLVED SHEAR-STRESS COEFFICIENT FOR POSTULATED GLIDING ELEMENTS FOR DIFFERENT 
ate 
DrrEcTIONS OF LOADING 
te So = sin xo COS xo cos ¢, where xo = angle between load axis and gliding plane before deformation, and 
1 ’ @ = angle between gliding line and projection of load axis on gliding plane. C and & signify that twin 
a , gliding in the negative sense can occur only in compression and extension, respectively. 
ated Postulated gliding elements Direction of loading 
sired Plane Direction | tha I] (fe: | jt 
T @| Ss @| ¢] S | x] So 
1ute Translation | | | j 
| a; 90 | -| 0 0 0 44 | 30) .43 | 46} 30] .43 
a2 [000!: Tort) | 90 | -| 0 | 60} 0 46 | 90] 0 
| the as[000!:1101] | 90 | -| | 60] 0 44 .43 | 46] 30] .43 
Twinning | | | | | | 
f; (2021) [2021:1210] | 28] 4oc| 50} 5! 316 | 74] .26c] .27€ 
med [2201:1120] | 28] 40C 90] 0 0 | 39] oO | 40] 51] .3IC 
fy (0221) (0221: 2110) 40c | 50 | 51 0 | 39] O | 40) 51 
Translation | | | 
| | | | 
(1012) | 64 | 90] 0 | 22| 57 19 69 | | 20| 90/0 
re- ea (1702) (1102: 1120] 64 | 90| 0 | 0 29 | .30 0} .48 
and ea | (o1t2) | Conta: 22110) 64 | 90 | | 22 | 57 19 | 29 | .30 | 53| .48 
- —-4--- —- — +-— -—-+- + +—— 
for | T | | } 
tial (tort) [Ctott: 1210) 46 | O} .50 | 37 | 39 37 | | | 90 - 10 
a | [Ti0t:1120) | 46 | .50 0 | 90} 0 as} 70| .17 | 38 | 
the | COE 2110) | 37 | 39 48 | 70} 17 16 | 38] 
ne- Translation | | } | 
om ry (1011) | [1011:0001] | 46 | 90 | 0 | 37] 51 30 | 0 | 90] | 90 | | 0 
| [1101:0001] 46 | 90] 0 Of; 0 48 | 20 -47 | 16 52} .16 
ent __ra | {olt!:0001] | 46 | 90| o 37 | .30 | 48 | 20 | 16 | 2] .16 
the —+—-— -----+ —--— — —-+- - - - - 4 - + 
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Since the permanent strains achieved in the 
dolomite crystals are relatively small, these 
assumptions lead to no great errors in the 
stress-strain curves. 


Results 


Sixty-seven experiments on dolomite and 
six on magnesite have been conducted under 


5000 bars confining pressure and at tempera- 
tures from 24°C. to 500°C. In the summary of 
experiments (Table 8) specimens are grouped 
according to their four directions of loading. 
The stress-strain curves are cut off at 10 per 
cent; the total strain achieved, the ultimate 
strength, and a brief description of the fracture 
are indicated in the summary. Experiment and 
specimen numbers coincide. 


TaBLE 8.—SUMMARY OF EXPERIMENTS 
All experiments were made on dry, jacketed crystals under 5000 bars confining pressure at a constant 


strain rate of 1 per cent per minute. 


Total | Ultimate 
Exp. | Crystal | Type | vee strain strength Reel Remarks 
(%) {kg/cm ) | 
| 
Dolomite 
108 A Comp. 24 | 3.0 5710 30° shear fracture. 
580 Co Comp. 24 7 6550 34° shear fracture. 
583 Co Comp. 300 1.5 4320 Broke on cleavage. 
4 587 Ce Comp. | 300 -7 3100 X Terminated before fracture. 
Ay 582 Cy Comp. | 400 13.5 5200 43° shear fracture. 
af 586 Co Comp. 400 5 3200 X ° | Terminated before fracture. 
i 
~| 557 Ce* Comp. | 500 16.7 6700 x | Incipient shear fracture. 
=| 567 | ¢:* |Comp. | 500 | 12.5 | 4500 | [Incipient shear fracture. 
=} 109 A Ext. 24 1.9 | 3090 Incipient fracture. Jacket broke. | 
| | 
&) 579 Ce Ext. | 24 | 1.7 | 3000 Incipient shear fracture. 
=| 589 S Ext. | 300 | 1.1 3300 | "Tensile" fracture. | 
4! 592 Cy Ext. | 300 | 0.1 2460 | Terminated before fracture. | 
588 Cy Ext. 400 3.0 3500 | 33° shear fracture. 
591 Cs Ext. 400 0.2 3300 | Terminated before fracture. } 
593 C2* Ext. 500 2.6 3080 | 33° shear fracture. 
595 C.* Ext. 500 2.3 3000 x Incipient shear fracture. | 
145 Ce Comp. 24 2:1 6560 x Incipient shear fracture. 
576 Ce Comp. 24 4 4920 | 33° shear fracture. 
526 Co Comp. 24 2.8 4600 | 36° shear fracture. 
149 Ce Comp. 300 ‘9 5190 xX Incipient 30° shear fracture. 
al 530 Ce Comp. 400 0.7 5450 Terminated before fracture. 
e| 577 Co Comp. 400 1.6 6680 37° shear fracture. 
«| 558 G* Comp. | 500 8.9 6350 x 30° shear fracture. 
=| 598 &* Comp. | 500 4.8 5850 x Terminated before fracture. 
| 
5 162 Co Ext. 24 2.2 2520 x Incipient shear & "tensile" break. 
a} 527 Ce Ext. 24 , 2880 Terminated before fracture. 
s| 165 Co Ext. 300 1.6 3450 x Incipient shear. Jacket broke. 
4) 531 Co Ext. 400 1.5 2710 x Terminated before fracture. 
|57a | c. ext. | 400 | 0.6 | 3410 38° shear fracture. 
622 é,* Ext 450 30.0 3100 x Terminated before fracture. 
| | 594 | Jfext. | 500 | 13.1 3060 x 33° shear fracture. 
596 c,* Ext. 500 8.1 3200 x Terminated before fracture. 
x} 105 A Comp. 24 | 12.9 3860 Accidentally broken. | 
| 2} 106 A Comp. 24 | 7.8 3050 Terminated before fracture. 
+ 146 Co Comp. 24 | 14.6 4650 x Terminated before fracture. 
| £] 155 | Ce Comp. 24 «| 18.8 4820 x Terminated before fracture. 
© 
€/ 568 | Ce Comp. | 24 | 17.2 5750 Terminated. Bulged and bent. 
: 156 | Ce | Comp. 300 | 7.8 5999 x Terminated before fracture. 
169 | | Comp 300 | 6.1 4390 30° shear fracture. 
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npera- TABLE 8—Continued 
ary of gree Temp.| Total Ultimate] 
‘ouped No. | Crystal] Type (°c) strain strength eucttan Remarks 
ading. | (x) | (kg/cm?) 
i) per | | 584 Ce Comp. 300 9.7 6100 33° shear fracture. 
timate | | 528 ran Comp.| 400 9.1 3260 27° shear fracture. 
acture | | 529 Ce Comp 400 6.5 2840 Xx Terminated before fracture. 
it and 555 Co* Comp 500 76 5850 40° shear fracture. | 
z| 556 | | Comp.) 500| 9.3 | 6050 x 40° shear fracture. 
2| 620 Gs" Comp 500 6.7 6100 35° shear fracture. 
«| 107 | A | Ext. 24 8.3 2310 Accidentally broken. 
nstant 160 | Ext 11.9 2610 x Jacket failed. 
2] 163 & Ext 300 8.2 3110 Accidentally broken. 
a ri 170 Co Ext. 300 10.4 4000 x Terminated before fracture. 
a) 574 Ge Ext. 300 25.6 3700 Jacket failed. 
— | 174 Co Ext. 400 4.2 4250 x Jacket failed. 
coat | 573 Fg Ext. 400 6.2 4000 40° shear fracture. 
554 Co” Ext. 500 2.5 2100 Terminated before fracture. 
| 559 Ce* Ext. 500 Fat 4200 x | Terminated before fracture. | 
| 110 A Comp. | 24 8.9 2530 x Terminated before fracture. 
“4 Comp.| 24 | 14.6 3080 Shattered suddenly. 
in| 153 CG Comp.| 24 12.0 2890 x Terminated before fracture. 
=) 142 C; Comp 300 4.4 2280 x 35° shear fracture. 
2) 147 Cy Comp 300 6.5 2650 x 30° shear fracture. 
| io! 12 A Ext 24 5.1 3050 x 20° shear fracture. 
| =| 161 é Ext 24 7.5 2440 x Terminated before fracture. 
| | 166 ra Ext 300 3.2 2550 Specimen accidentally broken. 
| 179 Cy Ext 300 2660 Jacket failed. 
S| 575 Cs 5.2 2840 x Terminated before fracture. 
17 Ce” Ext. 400 5.2 3380 Sheared near one end. 
| Magnesite 
| + 
_| e| 123 B Comp. | 24 7.9 6760 x Possible jacket failure. 
\*| 150 B Comp.| 24 7.1 6450 x Incipient shear fracture. 
| is 168 8 Comp. 300 2.4 5950 Accidentally broken. 
| H 597 B Comp.| 500 1d 4350 40° shear fracture. 
l4| 158 B Ext | 24 1.5 2330 xX 25° shear fracture. 
Lg 159 B | Ext. | 300} 0.9 2770 x 25° shear fracture. 


*Denotes undersized specimen with brass sleeve 


Most of the stress-strain curves presented 
(Figs. 6-10) represent average curves based on 
two or more experiments conducted under iden- 
tical test conditions. Most of the curves reflect- 
ing large permanent deformations have well- 
defined breaks or “‘knees’’, marking the onset 
of flow. For these the yield stress is taken as 
the differential stress at the discontinuity. If 
there is no sharp break in the curve, the 
choice of a yield stress is arbitrary. A value 
has been picked at a strain of one per cent 
where the curves have clearly departed from 
the linearity associated with elastic distortion. 

In crystals loaded parallel to the optic axis, 
basal translation is impossible, and if the sense 
of f twinning is negative, twin gliding can occur 


only in compression (Table 6). Extended speci- 
mens of this orientation are essentially brittle 
at all temperatures, and compressed specimens 
are brittle up to 400°C. (Fig. 6). Failure 
occurred by violent shear fracturing on surfaces 
inclined at about 30° to the direction of maxi- 
mum principal stress; that is, at 30° to the 
cylinder axis in a compression test and 60° to 
the axis in extension (PI. 1, fig. 2). The critical 
resolved shearing stress for twinning below 
400°C. must exceed 2000 kg/cm? (Table 9) in 
compression. This is of the order of 100 times 
that required for e twinning in calcite under 
similar conditions (Turner ef al., 1954a, p. 
889). At 400°C. the dolomite suddenly acquires 
ductility; the resolved shearing stress for twin- 
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ning is about 1160 kg/cm?. This stress drops 
rapidly with increasing temperature to 500 
kg/cm? at 500°C. The stress-strain relations 
suggest that the only operative gliding mecha- 


The reproducibility of the brittle stress. 
strain curves is again poor, but that of the 
curves exhibiting large permanent strain js 
about 5 per cent. From the standpoint of the 
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FIGURE 6.—StTRESS-STRAIN CURVES FOR DOLOMITE SINGLE CRYSTALS LOADED PARALLEL TO ¢ 
Under 5000 bars confining pressure at different temperatures. 


nism in this orientation is f twinning in the 
negative sense. Flow at high temperature is 
made possible by a reduction of the resolved 
shearing stress required to initiate this mecha- 
nism. 

Since fracture tends to be capricious, the 
reproducibility of the breaking stress of the 
brittle material is poor. However, the high- 
temperature compression curves are reproduc- 
ible to within better than 10 per cent. It 
appears that work hardening becomes more 
important as the temperature rises (Fig. 6). 

Basal translation is excluded also from 
crystals loaded parallel to an a axis, and twin- 
ning in the negative sense can occur only in 
extension (Table 6). In this orientation the 
dolomite is brittle at low temperature. Ductility 
is acquired between 400°C. and 450°C. in 
extension (Fig. 7). Petrographic studies con- 
firm that the flow is due to f twin gliding, and 
the resolved shearing stress to initiate gliding 
at 450°C. and 500°C. is 570 kg/cm*, or about 
the same value measured in crystals compressed 
parallel to c,. Crystals in the brittle state again 
failed by sudden shear fracturing along surfaces 
inclined at 30°-40° to the direction of greatest 
principal pressure. 


stress-strain curve the specimens compressed 
at 500°C. appear to have flowed. However, the 
thin-section examination reveals. that failure 
occurs by large offset on conjugate macroscopic 
shears (Pl. 2, fig. 2A). Cohesion was main- 
tained; the large offsets were permitted by the 
thick brass jackets. By macroscopic shearing 
the writers mean shear “fracturing” without 
permanent loss of cohesion. Fracturing in the 
ordinary sense implies permanent loss of co- 
hesion, separation into two or more parts, and 
loss of resistance to differential stress. However, 
under high confining pressure a large offset can 
occur before fracture ensues and the differen- 
tial force drops suddenly to zero. Thus in Table 
8 “shear fracture” implies loss of cohesion and 
hence a drastic reduction of differential force 
at the stated total strain. “Incipient fracture” 
conveys the idea that shearing offset has 
occurred, but cohesion has been retained. 
Macroscopic shears are not necessarily visible 
without the aid of a microscope but are distinct 
from the intracrystalline shear due to gliding 
processes. These two mechanisms of flow are 
not always distinguishable by the form of the 
stress-strain curve. (For a fuller discussion see 
Handin and Hager, 1957, p. 44-45.) 
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In crystals loaded perpendicular to a cleavage 
face a high resolved shearing stress on the 
basal plane favors translation gliding. Twinning 
in the negative sense can occur in either com- 
pression or extension (Table 6). 
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400°C. also differ in compression and extension, 
but here the picture is confused because the 
resolved shearing stress on the twin plane is 
high enough to initiate twinning, and both 
mechanisms operate together. At 500°C. twin- 
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FIGURE 7.—STRESS-STRAIN CURVES FOR. Do.omitE SINGLE CrysTaAts LOADED PARALLEL TO @ 
Under 5000 bars confining pressure at different temperatures. 


The stress-strain curves (Figs. 8, 9) reveal a 
rare phenomenon: the yield stress of the crystal 
increases with temperature up to 400°C. at 
least. Petrographic examinations reveal that 
the principal gliding mechanism from 24°C. 
to 300°C. is basal translation. At 400°C. both 
translation and twin gliding occur, and at 
500°C. twinning operates alone. Experiments 
on crystals oriented to exclude translation have 
shown that the resolved shearing stress re- 
quired to initiate twinning decreases with 
increasing temperature. The stress for basal 
translation must at the same time be increasing. 

At room temperature the critical resolved 
shearing stress for translation is essentially the 
same in compression and extension (Table 9), 
and the stress-strain curves are reproducible to 
better than 5 per cent. This stress of about 
900 kg/cm? is of the same order as that for r 
translation in calcite (Turner ef al., 1954a, 
Fig. 7). At 300°C. the stress measured in com- 
pression tests, 1330 kg/cm?, exceeds that 
measured in extension experiments, 950 kg/cm?. 
The reproducibility of the 300°C. stress-strain 
curves is also good; the reason for the difference 
is not known. The recorded critical stresses at 


ning occurs alone, and the resolved shearing 
stress required in extension, 540 kg/cm’, 
agrees with that measured in the crystals loaded 
parallel to c, and to a. 

All the extension stress-strain curves of 
crystals loaded normal to 7 are reproducible to 
better than 7 per cent, as are the compression 
curves for 24°C., 300°C., and 400°C. The 
24°C. compression curve agrees very well with 
that obtained by Griggs for similar test condi- 
tions (Fig. 8). The 500°C. compression curves 
are very erratic; this is not understood in view 
of the good reproducibility of the 500°C. curves 
for all other orientations. Our average curve 
differs widely from the curve of Griggs based 
on only one experiment. However, Griggs’ 
curve has a yield stress giving a resolved shear- 
ing stress for twinning (740 kg/cm?) much 
closer to the value measured in other orienta- 
tions (about 550 kg/cm?) than does our average 
curve (1390 kg/cm?). All the stress-strain 
curves for r cylinders exhibit work hardening 
except the 400°C. compression curve. The 
uniqueness of this curve is not understood, 
but there can be little doubt that the effect is 
real. 
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Ficure 8.—StreEss-STRAIN CURVES FOR DOLOMITE SINGLE CRYSTALS COMPRESSED NORMAL TO 7, 
Under 5000 bars confining pressure at different temperatures. 
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FicurE 9.—StTRESS-STRAIN CURVES FOR DOLOMITE SINGLE CRYSTALS EXTENDED NORMAL TO fi 
Under 5000 bars confining pressure at different temperatures. 


In crystals loaded parallel to the intersection 
of two f planes, [/2:/3], the resolved shearing 
stress on the basal plane is high, and twinning 
on f; in the negative sense can occur only in 
compression (Table 6). No twinning occurs at 
24°C. and 300°C.; the only gliding mechanism 


observed is basal translation. In extension the 
critical resolved shearing stress for translation, 
950 kg/cm? at 24°C. and 970 kg/cm? at 300°C., 
is about the same as that measured in crystals 
loaded normal to r (Table 9). In compression 
at 300°C. the stress is 840 kg/cm?, not very 
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diferent from the results of the extension 
aperiments. However, the low room-tempera- 
ture value of 650 kg/cm? in compression is not 
understood. Turner et al. (1954a, p. 891) found 
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creases. The curves intersect at about 400°C., 
at which temperature twinning and translation 
should occur together if the resolved shearing- 
stress coefficients for each are about the same. 
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that at room temperature the critical resolved 
shearing stress for y translation in calcite was 
also inconsistent for different orientations of 
load. At 300°C., however, this stress proved to 
be nearly constant, independent of crystal 
orientation (Turner et al., 1954a, Fig 6). 

Because of unfavorable orientation, twinning 
cannot occur in cylinders extended parallel to 
|fe:f3]. The flow at 400°C. is due to basal trans- 
lation only, so that the critical resolved shearing 
stress can be determined without ambiguity. 
Attempts to deform specimens of this orienta- 
tion at 500°C. were not successful before all 
available experimental material was exhausted. 
The reproducibility of the stress-strain curves 
for this orientation is the best of any, better 
than 2 per cent at 24°C., and 6 per cent at high 
temperatures. All the stress-strain curves 
(Fig. 10) except the 400°C. curve exhibit work 
hardening. 

Figure 12 shows a plot of resolved shearing 
stress against temperature based on the data 
for all four orientations. Although the precision 
of the curves is uncertain, they indicate surely 
that the critical stress for translation increases 
with temperature while for twinning it de- 
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FiguRE 10.—StreEss-STRAIN CuRVES FOR DOLOMITE SINGLE CrysTALs LOADED PARALLEL TO [fo:f3] 
Under 5000 bars confining pressure at different temperatures. 


In calcite the critical stress for twinning is so 
low even at room temperature, about 30 kg/cm? 
(Turner et al., 1954a, p. 889), that it is difficult 
to measure the temperature effect; however, 
there is little doubt that it decreases with 
increasing temperature. In calcite the critical 
stress for r translation drops from about 1500 
kg/cm? at 24°C. to about 50 at 500°C. (Turner 
et al., 1954a, Figs. 7, 8). It is surprising that the 
behaviors of two isostructural crystals, calcite 
and dolomite, are vastly different. 

The stress-strain curves for all orientations 
and temperatures, except for specimens com- 
pressed normal to 7; at 500°C., are well repro- 
ducible despite any differences from crystal to 
crystal, impurities and imperfections in each 
crystal, and variable ratios of specimen length 
to diameter. Incipient cleavage does not in- 
fluence fracture. In specimens loaded parallel 
to cy and a, the cleavage planes very nearly 
parallel planes of maximum shearing stress. 
Yet under confining pressure, shear fracturing 
occurs along surfaces inclined not at 45° but 
at 30°-40° to the direction of greatest principal 
stress. Potential cleavages are ignored. 

The ductility of the dolomite crystals is 
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FicurE 11.—Srress-STRAIN CURVES FOR MAGNESITE SINGLE CRYSTALS LOADED PARALLEL TO ¢, 
Under 5000 bars confining pressure at different temperatures. 
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Figure 12.—Criticat RESOLVED SHEARING 
STRESSES AS FUNCTIONS OF TEMPERATURE FOR 
BasAL TRANSLATION AND f {0221} TWINNING 


enhanced by heating when basal translation is 
excluded, and twinning becomes possible at 
high temperature as in specimens loaded 
parallel to c, and a (Figs. 6, 7). In these orien- 
tations the dolomite crystals are brittle at low 
temperature. Fracture is sudden, violent, and 
accompanied by release of stored elastic energy. 
The breaking stress is evidently strongly de- 
pendent on mean pressure, since the strength 
is always lower in extension than in compres- 
sion. 


The critical resolved shearing stresses for 
twinning and translation, and hence the yield 
stress of the crystal, appear to be largely inde- 
pendent of mean pressure. However, in crystals 
loaded parallel to [f2:/3] and normal to 7 the 
ductility is reduced by heating, probably be- 
cause the breaking stress is only slightly influ- 
enced by temperature, while the yield stress for 
translation gliding is increased. 

At high temperatures the strength of the 
brass sleeves surrounding the undersized 
specimens is low, and the brass appears to have 
no influence on the stress-strain curves of the 
dolomite crystals. The curves for experiment 
170 without, and 574 with, a brass sleeve are 
practically identical (for crystals extended 
normal to 7; at 300°C.) as are those for experi- 
ments 174 and 573 (extension normal to 7 at 
400°C.). The sleeves do influence ductility by 
permitting greater macroscopic shearing offsets 
before the splitting of the copper jackets. This 
effect is important only in crystals compressed 
parallel to a. The stress-strain curve for 500°C. 
suggests that intracrystalline gliding may have 
occurred, when in fact the deformation was 
due to macroscopic shearing without permanent 
loss of cohesion and hence without loss of differ 
ential load (PI. 2, fig. 2A). 

At least part of the apparent work hardening 
exhibited by most of the stress-strain curves is 
due to the external rotation of the active gliding 
plane. For example, in crystals loaded normal 
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ton, the resolved shearing-stress coefficient on 
{0001} decreases as the deformation pro- 
gresses, While the coefficient on at least one f 
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FicurE 13.—CHANGES OF RESOLVED SHEAR-STRESS 
COEFFICIENTS (So) FOR c{0001} AND /{0221} 
Changes resulting from external rotations in speci- 
mens extended and compressed normal to 7, basal 
translation assumed. The curves were constructed 
according to principles fully discussed by Handin 
and Griggs (1951, p. 866-869). 


twin plane increases (Fig. 13). This means that 
basal translation becomes more difficult and 
the differential stress increases. Also because 
of these rotations, twinning may occur late in 
the deformation history, although initially the 
resolved shearing stress may be too low. 

No effort was made to investigate magnesite 
thoroughly. Neither e nor f twinning was ob- 
served up to 300°C. Basal translation was 
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excluded by the orientation of the load normal 
to c{0001}. At room temperature in compres- 
sion the gliding mechanism is r translation of 
the kind observed in calcite. The magnesite 
does not flow at 300°C. and above, so that the 
critical resolved shearing stress for translation 
appears to increase with temperature, while the 
ductility is lower in the heated crystals (Fig. 
11). 


PETROGRAPHIC OBSERVATIONS 
Laboratory Procedure 


Thin sections of the deformed crystals were 
studied to check the deformation mechanisms, 
and the results are grouped according to the 
four orientations. 

The measurements are made on a petro- 
graphic microscope equipped with a Zeiss- 
Winkel universal stage and object traverser. 
The errors in measurements of cy, are about 1°, 
where c, is inclined to the plane of the thin 
section at 20° or less, and about 2° where the 
angle of inclination is 35°-45°. Planar elements 
inclined 70° or more to the plane of the section 
can be measured to about 1°. The error may 
be about 2° where they are inclined 45°-70°. 

All measured data are plotted on a stereo- 
graphic net of 20 cm diameter, and all recorded 
interfacial and zonal measurements are made 
on this net. The lower hemisphere of the pro- 
jection sphere is projected on the horizontal 
plane (Figs. 14-19). (In Figure 2 of the crystal- 
lographic data the upper hemisphere is pro- 
jected.) 

The thin sections are cut parallel to the 
cylinder axes of the deformed specimens. 
Moreover, the plane of the thin section is parallel 
to the plane of deformation, 7.e., the plane of 
the thin section contains the maximum or 
minimum diameters of the specimens deformed 
in compression or extension, respectively, when 
these can be identified. Table 8 indicates the 
specimens from which thin sections were pre- 
pared. 


Results for Dolomite 


Parallel to c,.—Translation gliding on 
c{0001} is impossible, and twin gliding on 
f{0221} (in a negative direction sense) is 
possible in compression experiments only 
(Table 6). All cylinders were brittle except those 
compressed at 400°C. and 500°C. which were 
ductile. The brittle specimens are characterized 
by shear fractures or incipient shear fractures 
(Table 8) and very small strains. Specimens 
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595 and 587 are considered to be representative 


of the brittle material. 


Specimen 595 (Pl. 2, fig. 14) was extended 
2.3 per cent’ at 500°C. Microscopic examination 


TABLE 9.—YIELD STRESSES OF DOLOMITE CRYSTALS AND CORRESPONDING RESOLVED SHEARING StREssps 
FOR ON of 0008 } AND TwIN GLIDING ¢ ON J (0221) 


with the presence of numerous shear fract ires 
and bodily rotations of small but discrete pe te fe 
of the crystal, discredit the possibility of 

portant intracrystalline gliding. Probably . 


T Yield stress shearing stress (kg/ cm 
omp | Ext. | Comp. | Ext. | Comp. Ext. 
24 | >5500* | >3000* | >2200 | | 
{| 300 | >4300* | >3250* >1720 
fy 400 2900 | >2700* 1160 
500 | 1250 | >2450*| 500 | 
24 | >5720* | >2930* | > 910 
300 >5270* | >3350* | >1040 
I] a 400 | >6150* | >3220* >1000 
450 | | 1850 | 570 
500 | 3250 | 1850 | 4 570 
24 | 2030 2000 870 | 860 | 630 | 540 
300 | 3100 2200 | 1330 | 950 | 960 590 
tn 400 | 2250 2850 | 970 | 1230 | 700 740 
500 | 4500 2000 | 1940 | 860 |} 1390 | 540 
500** | 2400 | | 
24 | 1500 | 2200 | 650. 950 | 390 | 
(fo: fs) 300 | 1950 | 2250 840 970 510 | 
_ | 400 | | | _1180 
*Breaking strength. Crystal is essentially 


**Prom D. Griggs (his specimen 504). 


revealed the development of numerous small 
conjugate shear fractures, particularly in the 
lower half of the specimen, inclined at about 
60° to the least principal stress. Incipient /; and 
fo lamellae occur adjacent to the shear frac- 
tures and are thought to be associated with local 
stress concentrations. Although slight bending 
of these f lamellae near fractures was noticed, 
measurable internal rotations of pre-existent 
lamellae were absent. This absence, together 


3 All the measured values of longitudinal strain 
are for total strain. Of this about 1 per cent is re- 
coverable elastic strain, so that the permanent 
strain (flow), with which the values computed from 
microscopic data should be compared, is a little 
less than the values quoted. However, this dis- 
crepancy is unimportant in view of the precision of 
measurements. 


brittle. | 


the strain is accounted for by macroscopic | 
shear on irregular surfaces. 

One major shear fracture, inclined at about | 
40° to the maximum principal stress, extends | 
part way through specimen 587 (PI. 2, fig. 1B) 
which was compressed 0.7 per cent at 300°C. 
The specimen consists of parts of two individual 
crystals. (Fortunately, this accident in prepar- 
ing a specimen did not often occur.) The origin 
of the many small fractures occurring near the 
major shear fracture is unknown. The greatest 
concentration of the small fractures occurs neat 
the intersection of the major shear fracture and 
the boundary between the two crystals. Sparse 
and incipiently developed lamellae occur paral- 
lel to fi, fo, and fs throughout the area of the 
larger crystal. None could be identified optically 


PiaTE 1.—DOLOMITE SPECIMENS 


1.—Dolomite specimen, supplied by Mr. R. E. Januzzi, consisting of three crystals Ci, Ce, and 
C3. Cylinders of C; and C2 were used in most of the experiments. 

FicuRE 2.—Deformed specimens compared with undeformed cylinder (C). Cylinders A and B, loaded 
parallel to c,, were brittle, and cylinders D and E, loaded perpendicular to r:, were ductile. 
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wise internal rotations occurred. Internal 
rotation of 7; lamellae in the kink band amounts 
to 9°. Assuming that 7, was rotated by twin 
gliding on f;, one can calculate the strain as 6.6 


ss twin lamellae. Despite their presence, most, 
{not all, of the small strain is accounted for by 
macroscopic shearing. 

Specimen 586 compressed 2.5 per cent at 


© ORIGINAL POSITION © ORIGINAL POSITION A 
* AFTER ROTATION A AFTER ROTATION 


FiGuRE 14.—STEREOGRAMS FOR SPECIMENS COMPRESSED PARALLEL TO Cy 


A. Specimen 586 showing external rotation of /,, and internal rotation of 7 to Li. The senses of 


shear and of the rotations are shown in the insert. : 
B. Specimen 557 showing external and internal rotations. The senses of shear and of the rotations 
are shown in the insert. 


per cent. This value may appear to be high but 
is in accord with the measured strain because 
most of the deformation was confined to the 
narrow kink band of which the twins constitute 


400°C. exhibits a marked development of fj 
lamellae and a narrow but well-defined kink 
band (PI. 2, fig. 1C, A4A’-BB’). Measurements 
were confined to the lower half of the section, 


because the upper half contains a small portion 
of a second individual. Although /, lamellae 
occur throughout the section, optically recog- 
nizable f; twins are limited to the region of the 
kink band and constitute about 30 per cent of 
the band. Clockwise external and counterclock- 


only about 30 per cent. The senses of observed 
external and internal rotations are consistent 
with a negative sense of shear on /; (Fig. 144, 
insert). 

Specimen 557 (Pl. 2, fig. 1D), compressed 
16.7 per cent at 500°C., was barrel-shaped 


Pirate 2.—THIN SECTIONS OF SPECIMENS LOADED PARALLEL TO ¢, AND a 


FicurE 1.—Thin sections of specimens loaded parallel to cy. A. Specimen 595 extended 2.3 per cent 
at 500°C. The plane of the section is almost normal to a macroscopic shear. B. Specimen 587 compressed 
0.7 per cent at 300°C. The plane of the section is almost perpendicular to a macroscopic shear inclined 
about 40° to the greatest principal pressure. Line XY is the contact between parts of the two individual 
crystals. C. Specimen 586 compressed 2.5 per cent at 400°C. The plane of the section is approximately 
parallel to the plane of deformation, S. (See Fig. 3.) D. Specimen 557 compressed 16.7 per cent at 500°C. 
The plane of the section is approximately perpendicular to /f,. 

Ficure 2.—Thin sections of specimens loaded parallel to a;. A. Specimen 558 compressed 8.9 per cent 
at 500°C. The section is almost perpendicular to the macroscopic shear fractures. B. Specimen 531 extended 
1.5 per cent at 400°C. The section is approximately parallel to the plane of deformation. C. Specimen 622 
extended 30.0 per cent at 450°C. The section is approximately parallel to the plane of deformation. D. 
Specimen 596 extended 8.1 per cent at 500°C. The section is approximately parallel to the plane of deforma- 
tion. 
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after deformation, and the cross section was 
everywhere circular. Apparently an incipient 
shear fracture had developed. Since a unique 
deformation plane could not be identified, the 
thin section was cut approximately perpendic- 
ular to the incipient shear fracture. In view of 
the shape and of the fact that all three / planes 
have the same resolved shear stress (So = .40), 
it was not surprising to find that lamellae 
parallel to fi, fe, and fs; were about equally 
developed. All three have been rotated inter- 
nally through angles up to 10°. Sequential 
rotations, however, could not be identified. 
The senses of shear and of the rotations (see 
Fig. 14B, insert) are consistent and indicate 
negative gliding on the f planes. The maximum 
calculated strain of 9.7 per cent appears low 
when compared with measured strain of 16.7 
per cent. Some of the measured strain may be 
accounted for by the macroscopic shear. 
Possibly sequential rotation of an fe lamella 
(for example) occurred by gliding first on /; and 
then on f3. The resulting calculated strains 
would be cumulative and in better agreement 
with the measured strain. 

In summary, macroscopic shearing accounts 
for the strain in those crystals that were brittle. 
Ductile behavior of specimens compressed at 
400°C. and 500°C. reflects intracrystalline 
gliding, and twin gliding on {0221}, direction 
sense negative, is the only mechanism. 

Parallel to a-—Translation gliding on 
c{0001} is impossible, and twin gliding on 
f{0221} (in a negative direction sense) is 
possible in extension experiments only (Table 
6). All cylinders were brittle except those 
extended at 400°C., 450°C., and 500°C. 

Since the microscopic features of the brittle 
specimens are much the same regardless of 
orientation, they need not be redescribed. It is 
necessary only to describe specimen 558 (PI. 2, 
fig. 24), compressed 8.9 per cent at 500°C., 
because, from the experimental record, its 
behavior is apparently anomalous. Intracrystal- 
line gliding should not occur, but the stress- 
strain curve indicates that the specimen 
flowed. Microscopic examination revealed that 
despite a slight bulging of the specimen, most 
of the strain was due to macroscopic shearing. 
At least 7.0 per cent of the strain is accounted 
for by displacements on the shear surfaces. 
Since the measured strain is 8.9 per cent, only 
a very small amount could be due to intra- 
crystalline gliding. If gliding occurred, it could 
not be detected microscopically because strains 
of 1 or 2 per cent would be reflected in internal 


rotations of only 1° or 2°, and such small rota- 
tions are not in excess of errors in measurement. 

Cylinders extended at 400°C., 450°C., and 
500°C. were ductile. In contrast to deformation 
by macroscopic shearing, intracrystalline glid- 
ing is the dominant mechanism in the ductile 
crystals. 

Specimen 531 (Pl. 2, fig. 2B), extended 1.5 
per cent at 400°C., exhibits the onset of twin 
gliding. Lamellae parallel to f, are developed 
profusely although only a few very narrow 
bands can be identified optically as distinct 
twins. Locally, r; lamellae were rotated inter- 
nally through 8°. The resulting calculated 
strain of 4.5 per cent is of the right order of 
magnitude. Observed clockwise internal rota- 
tion (see Fig. 15A, insert) is consistent with the 
sense of shear that reflects negative gliding 
on fi. 

Specimen 622 (Pl. 2, fig. 2C), extended 30.0 
per cent at 450°C., is characterized by a kink 
band the boundaries of which approximate the 
two shear fractures (one is offset) near the 
ends of the crystal. Almost complete twinning 
on f; occurred in the kink band. This was 
accompanied by external and internal rotations 
as indicated in Figure 15B. Specifically, the 
external rotated rj and f were rotated inter- 
nally through about 34° and 22° respectively. 
The calculated angles for complete /; twinning 
are 32°44’ and 20°47’. The strains, calculated 
from internal rotations of r; and fz are 19.9 per 
cent and 20.4 per cent, in good agreement with 
the measured strain after subtraction of the 
amount due to macroscopic shearing (about 
5 per cent). 

Specimen 596 (PI. 2, fig. 2D), extended 8.1 
per cent at 500°C., is similar to 622, the only 
essential difference being in the amount of 
strain. There is profuse development of fi 
lamellae throughout the section. Optically 
recognizable f, twins constitute about one- 
third of the total area of the section. Clockwise 
internal rotations (see Fig. 15C, insert) of n 
and f: amount to 12° and 8° respectively. The 
corresponding calculated strains are 6.7 per 
cent and 7.1 per cent which are in good agree- 
ment with the measured strain. The senses of 
shear and of rotations are consistent with nega- 
tive twin gliding on f{0221}. 

In summary, the brittle and ductile behaviors 
of cylinders in this orientation are consistent 
with behaviors of cylinders loaded parallel to 
Cy. All cylinders compressed parallel to a or 
extended parallel to c, were brittle, whereas 
above 400°C. cylinders extended parallel to a 
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FicurE 15.—STEREOGRAMS FOR SPECIMENS EXTENDED PARALLEL TO @ 
A. Specimen 531 showing internal rotation of 7 by fi twin gliding. Senses of shear and of internal rota- 


tion are shown in the insert. 


B. Specimen 622 showing external and internal rotations; fi, fe, and 7 are rotated externally to fis fay 


and rj respectively. Internal rotations of /; and rj are consistent with twin gliding on f;. The sense 


and of rotations are shown in the insert. 


C. Specimen 596 showing rotations of lamellae. Senses of shear and of rotations are shown in the insert 


or compressed parallel to cy were ductile, and 
the deformation mechanism was twin gliding on 
{{0221}. As predicted, the direction sense must 
be negative. The gliding line could not be 
established without ambiguity because of lack 
of assurance that the thin sections were exactly 
parallel to the plane of deformation. Neverthe- 
less, for each of the sections examined, the pre- 
dicted gliding line [1104] lies near the plane of 
the section. 


s of shear 


Perpendicular to r;—Translation gliding on 
c{0001} is possible in both compression and 
extension experiments, whereas twin gliding 
on f; is possible in extension only and on fz and 
fs in compression only (Table 6). The resolved 
shear-stress coefficient (Table 7) is higher on 
c{0001} than on /{0221}, and, accordingly, 
translation gliding would be favored if the 
critical resolved shear stresses were the same 
for translation and twinning. 
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ORIGINAL POSITION B 


© ORIGINAL POSITION { 
A * AFTER ROTATION 


AFTER ROTATION 


© ORIGINAL POSITION | © ORIGINAL POSITION 
AFTER ROTATION AFTER ROTATION D 
FicuRE 16.—STEREOGRAMS OF SPECIMENS EXTENDED PERPENDICULAR TO 7% 
A. Specimen 160 showing rotations of r lamellae. 7;, 72, and c, were rotated externally to rj, 72, and ¢. 


cy 
r; and r} were rotated internally to L? and L The senses of shear and of the rotations are shown in the 
1 2 
insert. 
B. Specimen 170 showing rotation of r lamellae. The senses of shear and of internal rotation are indicated. 
Rotation of r; lamellae in alternate slip bands (see Pl. 44, B) is shown diagramatically in the insert. 
C. Specimen 174 showing internal rotation of 7 lamellae. Senses of shear and of internal rotation are in- 
dicated in the insert. The section is perpendicular to 1. 
D. Specimen 559 showing internal rotation of f; lamellae. Senses of shear and of rotation are indicated 
in the insert. 


Specimen 160 (PI. 3, fig. 14), extended 11.9 
per cent at 24°C., is characterized by a kink 
band (Pl. 3, fig. 14, WX-YZ) transverse to 
c{0001} and by externally and internally ro- 
tated elements. Sharply defined to indistinct 
deformation bands occur within the kink band 


and are scattered irregularly through it. Their 
trends are subparallel to the boundaries of the 
kink band; their normals are almost parallel 
to ds. External rotation (see Fig. 16A) of about 
12° was identified. This is reflected in rotations 
of Cy, 71, and r3 to cl, rj, and r3 respectively. 
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The axis of external rotation lies in c{0001} and 
bisects the angle between a; and az. Since this 
axis is normal to the gliding line, it follows 
that the latter is parallel to a3. Counterclock- 
wise internal rotations (Fig. 164) of r{ and r3 
to Lr; and Lr; amount to 10°-11° in the 
kink band and 6°-7° outside the band. Corre- 
sponding calculated strains of 14.9 per cent and 
92-12 per cent compare favorably with the 
measured strain. Senses of rotations are con- 
sistent with the sense of shear on c{0001}. 
Twin gliding was not detected. 

Specimen 170 (Pl. 3, fig. 1B), extended 10.4 
per cent at 300°C., is characterized by a poorly 
developed kink bank which traverses the sec- 
tion, and by well-developed, sharply defined 
slip bands (Pl. 44, B) which are parallel to 
c{0001}. These slip bands are almost identical 
in appearance to those described by Turner 
eal (1954a, Pl. 10C). In their illustration, the 
slip bands are parallel to r2 which is a possible 
translation gliding plane in calcite. Counter- 
clockwise external rotation of about 7° was 
determined from c-axis measurements on each 
side of the boundaries of the kink band. The 
c axis in the deformed part of the specimen (in 
the kink band) has been rotated externally 
from the position cy to c, (Fig. 16B). Two 
values, clockwise in sense, were determined 
for internal rotation. Throughout the central 
deformed area, re lamellae exhibit internal 
rotations of up to 9°. The calculated strain is 
12.3 per cent, in good agreement with the 
measured strain. Internal rotations of 7, lamel- 
lae amounting to 20° were measured in alternate 
sip bands (Fig. 16B, insert; Pl. 3, fig. 1B; 
Pl. 44, B). Moreover, f; lamellae, which are 
sparsely developed, occur only in those slip 
bands containing the rotated lamellae L*,. The 
slip bands containing these lamellae constitute 
only about a third of the area of the deformed 
part of the specimen, so that the calculated 
strain of 27 per cent is reasonable. The senses of 
external and internal rotations are consistent 
with translation gliding on ¢{0001}. The slip 
bands parallel toc {0001 } are additional evidence 
for basal translation, and agreement between 
calculated and measured strains lends credence 
to this mechanism. The gliding line is ay. 

Specimen 174 (Pl. 3, fig. 1C), extended 4.2 
per cent at 400°C., contains slip bands (PI. 
4C, D) that are parallel to c{0001}, but these 
bands are not so well defined as those in 170. 
Moreover, f lamellae are not confined to alter- 
nate slip bands; they do exhibit an en echelon 
arrangement associated with the bands. Con- 
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centrations of rotated r lamellae in alternate 
bands are lacking also. Internal rotation of 7; 
to Lt, (Fig. 16C) amounts to 4°, and the cal- 
culated strain of 4.3 per cent is in good agree- 
ment with the measured strain. This indicates 
that nearly all the strain is accounted for by 
basal translation, despite the presence of f 
lamellae. In support of this, the sense of internal 
rotation is consistent with shear on c{0001}. 
Specimen 559 (Pl. 3, fig. 1D), extended 7.1 
per cent at 500°C., is characterized by profuse 
development of /; lamellae throughout the 
section. Counterclockwise internal rotation of 
Fs lamellae amounts to about 18°. The resulting 
calculated strain of 17 per cent is in agreement 
with predicted strain of 15.9 per cent for com- 
plete twinning in this orientation. Measured 
on a traverse normal to fi, the host-to-twin 
ratio is between 10:3 and 10:4. Using these 
ratios, one calculates strains of 4.8 per cent and 
6.4 per cent, not appreciably different from the 
measured strain. Translation gliding cannot 
be excluded and may account for the small 
differences between calculated and measured 
strains. Any translation, however, would cause 
internal rotations of less than 2° which would 
not be detectable with assurance. The counter-- 
clockwise internal rotation of /3 (see Fig. 16D, 
insert) is consistent with negative slip on /.. 
Specimen 146 (PI. 3, fig. 2A), compressed 14.6 
per cent at 24°C., contains a well-developed 
kink band that is transverse to c{0001}. 
The kink band contains sparse, indistinct 
deformation bands (visible only under crossed 
nicols), with trends subparallel to the kink 
band, and sharply defined slip bands (PI. 5A) 
that are parallel to c{0001}. Clockwise external 
rotation of about 5° was determined from 
c-axis measurements on both sides of the kink- 
band boundaries. The axis of external rotation, 
however, could not be identified. Counter- 
clockwise internal rotation amounts to 11°-12° 
(Fig. 17A); 7 and re lamellae (Pl. 5A, B) were 
rotated to L;, and L;,, respectively. The axes 
of internal rotations for 7; and ro are a2 and a 
respectively, and a3 is the gliding direction. 
The calculated strain of 16.7 per cent is in 
good agreement with the measured strain. 
Specimen 156 (Pl. 3, fig. 2B), compressed 
7.8 per cent at 300°C., is characterized by both 
deformation bands and slip bands. The shad- 
owy to indistinct deformation bands occur 
only in small sparsely scattered areas. Their 
trends are about normal to c{0001}. Faint but 
sharply defined slip bands parallel to c{0001} 
are emphasized by concentrations of f lamellae 
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FIGURE 17.—STEREOGRAMS FOR SPECIMENS COMPRESSED PERPENDICULAR TO 7; 

A. Specimen 146 illustrating external rotation of c, to ci and internal rotations of 7, and 72 to Le, and 
L;, respectively. The senses of shear and of rotations are indicated in the insert. 

B. Specimen 156 illustrating externa] rotation of c, and internal rotations of 7; and r2 to Ly, and Ly, re- 
spectively. Senses of shear and of rotations are shown in the insert. — ; 

C. Specimen 529 illustrating external rotations of c., 1, r2, and fe to cy, ri, 73, and f respectively. Internal 
rotations of r; and /3 are shown. Senses of shear and of rotations are shown in the insert. P 

D. Specimen 504 (Griggs) illustrating internal rotations of r; and f2 lamellae to L;3 and L;3 respectively. 
The senses of shear and of rotations are shown in the insert. 


in alternate bands (Pl. 5D). A kink band did 


(Fig. 17B; Pl. 5C) were rotated to L, and L;, 
not develop in this specimen. External rotation 


respectively, and their corresponding rotation 


of the c axis amounts to about 10°. This rota- 
tion is restricted to the small local areas of 
shadowy deformation bands. The direction 
sense is clockwise. Counterclockwise internal 
rotation amounts to 7°. The 7; and rz lamellae 


axes are ad) and a3. The calculated strain of 
12.0 per cent is in fair agreement with the 
measured strain, since slip did not occur 
throughout the crystal. 

Specimen 529 (Pl. 3, fig. 2C), compressed 
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65 per cent at 400°C., is characterized by 
narked external rotation (up to 14°) and by 
, moderate development of /2 and /; lamellae, 
although few of these are optically recognizable 
3s twins. Internal rotations amount to about 6° 
and are typified by rotation of r2. The exter- 
ually rotated re has been rotated internally 
to Lis (Fig. 17C). Calculated strain based on 
:{0001} gliding in a direction parallel to a 
amounts to 9 per cent. Since the deformation 
is restricted to about 70 per cent of the speci- 
men, this value is high, and the corrected value 
of 6.3 per cent is in good agreement with the 
measured strain. It should be pointed out that 
twin gliding (on f2 and /3) was operative but of 
secondary importance at 400°C. The critical 
resolved shear stresses for the gliding mecha- 
nisms are evidently temperature-dependent. 
Moreover, twin gliding in 529 occurred on f/f 
and f; in contrast to gliding on /; in the extended 
gecimen (559). This is in accord with a nega- 
tive sense of gliding on {{0221}. The observed 
senses of rotation (clockwise external and 
counterclockwise internal) are consistent with 
basal translation where the sense of shear is as 
indicated in the insert of Figure 17C. 

Specimen 504 (Griggs’ experiment number), 
compressed 10.8 per cent at 500°C., is charac- 
terized by profuse development of two sets of 
twin lamellae (Pl. 3, fig. 2D; Pl. 5, E, F). These 
are developed to a much greater extent than 
any other of the experimentally deformed 
crystals. The /; lamellae are more profuse than 
f. In both sets the lamellae are broad enough 
to be identified as twins. Counterclockwise 
internal rotation of f2 lamellae amounts to 14°. 
The f3, fo, and rotated lamellae Ly, are cozonal 
(Fig. 17D). Calculated strain is 11.3 per cent, 
based _on fs as the gliding plane with 
(0221:2110] the assumed gliding direction. 
Since external rotation was not identified, the 
gliding direction could not be established 
uniquely. Nevertheless, this assumption ap- 
pears to be valid since the calculated strain of 
11.3 per cent compares so favorably with the 
experimentally measured strain. The direction 
sense of gliding on fs must be negative to 
account for the clockwise internal rotation of 
to Li. 

In summary, petrographic evidence supports 
translation gliding with 7 {0001}, ¢[1010] as 
the operative mechanism for specimens com- 
pressed or extended perpendicular to r in the 
temperature range of 24°C. to 400°C. The 
senses of internal and external rotations, the 
high resolved shear stress on c{0091}, and the 
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agreements between measured and calculated 
strains are in accord with basal translation. 

Although the resolved shear stress on 
c {0001} is higher than on /; in compression (0.43 
compared to 0.27) and on f2 and /3 in extenson 
(0.43 compared to 0.31), twin gliding on /s 
accounts for the strain in the specimen com- 
pressed at 500°C. The gliding direction could 
not be defined uniquely since external rotation 
was not recognized. The direction sense must 
be negative to account for the counterclockwise 
internal rotation of fe lamellae. The critical 
resolve shear stress for translation gliding on 
c{0001} must be higher than for twin gliding 
on f at 500°C. The reverse is true at lower 
temperature. 

Parallel to [f2:f3]—Translation gliding on 
c{0001} is possible in both extension and com- 
pression experiments, whereas twin gliding is 
possible only on /; and is restricted to compres- 
sion experiments if the direction sense is nega- 
tive (Table 6). Behaviors were consistent for 
both extended and compressed specimens. 

Specimen 161 (Pl. 6, fig. 14), extended 7.5 
per cent at 24°C., is characterized by a narrow, 
sharply defined kink band (WXYZ) trending 
at right angles to c{0001} and by externally and 
internally rotated elements. As in specimen 160, 
slip bands parallel to c{0001} are absent. Coun- 
ter-clockwise external rotation amounts to 
about 10°. The c axis and m and 72 lamellae 
were rotated to the positions ci, rj, and r3 
respectively (Fig. 184A). Clockwise internal 
rotation amounts to 7°. The rj lamellae were 
rotated to Lr; (Pl. 4E, F); c{0001}, rj and L,; 
are cozonal, which is in agreement with gliding 
on c{0001}. The gliding direction was not 
defined uniquely because neither the axis of 
external rotation nor the plane of deformation 
could be identified with assurance. Neverthe- 
less, on the assumption that the gliding direc- 
tion is parallel to an a axis (established in other 
specimens), the calculated strains of 7.9 per 
cent and 9.0 per cent agree favorably with the 
measured strain. Moreover, the senses of 
rotations are consistent with the sense of shear 
on c{0001}. 

Specimen 153 (Pl. 6, fig. 1B), compressed 
12.0 per cent at 24°C., is characterized by indis- 
tinct deformation bands that are scattered 
throughout the section, and by externally and 
internally rotated elements. Counterclockwise 
external rotation is exhibited by rotations of 
Cy, r lamellae, and the normals to deformation 
bands. This ranges from about 8° for c, to 
4°-6° for the r lamellae. All r lamellae were 
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FIGURE 18,—STEREOGRAMS FOR SPECIMENS LOADED PARALLEL TO [f2:/;] 
A. Specimen 161 illustrating internal and external rotations. ¢,,7, and r2 were rotated externally 
to cy, 71, and 72 respectively. r; was rotated internally to L,’. The senses of shear and of rotations are 


indicated in the insert. 


B. Specimen 153 illustrating external and internal rotations. c, was rotated externally to cy. The 


three r lamellae were rotated to Lr L;,, and he 3: Senses of shear and of rotations shown in the insert 


were determined by rotating r;, r:, and L, to the periphery. 


rotated internally (Fig. 18B). The maximum 
rotation of 13° affected 7 lamellae. Calculated 
strain, basal translation assumed, amounts to 
14.2 per cent and is in good agreement with 
measured strain. The senses of rotations are 
consistent with the sense of shear on c {0001}. 


Results for Magnesite 


Johnsen (1902, p. 139-144) reported possible 
twin gliding in naturally deformed rhombs 
collected from tale and chlorite schists and 
labeled “Zillerthal.”” He recognized the lack of 
convincing evidence but predicted that if twin- 
ning occurred it would be on e{0112} as in 
calcite. This is in contrast to his reported twin 
gliding on /{0221} in dolomite. He also identi- 
fied translation gliding with T = (0001), ¢ = 
[1011:0001], as in dolomite. 

The few cylinders deformed in this study 
were loaded parallel to c,. Thus, translation 
gliding on c{0001} was impossible, whereas 
twin gliding on e{0112} would be possible only 
in extension if the sense was the same as in cal- 
cite. Translation gliding on r{1011} would be 
possible only in compression if the sense was 
negative as in calcite. (See Turner et al., 1954a, 
p. 931.) 
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AFTER ROTATION | 


FIGURE 19.—STEREOGRAM FOR MAGNESITE 
SPECIMEN 123 LOADED PARALLEL TO Cy 
Illustrating internal rotation. Senses of shear 
and rotations are shown in the insert. 


Specimens extended at 24°C. (158) and at 
300°C. (159) were brittle; total strains were of 
the order of 1 per cent. This of course is in 
marked contrast to the behavior of calcite 
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little doubt that r translation analogous to that 
in calcite has occurred. However, no e{0112} 
twinning was produced at any temperature. 
Basal translation cannot be ruled out. 


shich twins easily in extension parallel to cy» 
even at room temperature. 

A deformation mechanism was identified in 
wily one specimen (123), which was ductile 


| 


| sense of 
e@ twinning 
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O negotive SS c 
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FicurE 20.—GENERALIZED LATTICE FOR CALCITE, DOLOMITE, AND MAGNESITE 
(Pl. 6, fig. 2). This specimen was compressed DIscussion 
7.9 per cent at 24°C., and what remains in thin 
section is characterized by irregular develop- No general theory relates the translation 
ment of indistinct deformation bands and by gliding elements (plane T and direction t) toa 
an internal rotation of 71. This counterclockwise particular crystal structure. However, in metals 
rotation of about 6° is consistent with negative “it is invariably the most dense atomic row 
translation on rs (Fig. 19, insert). Of the that serves as a direction of glide, and usually 
possible crystallographic forms, only r3 and a the planes of highest atomic density are the 
second-order prism, a@{1120}, are cozonal with glide planes (Schmid and Boas, 1950, p. 86). 
the rotated lamellae. Gliding could not occur Thus planes and directions of low indices form 
on the prism because it is parallel to the greatest ‘the commonest gliding elements. The gliding 
SITE principal stress. In contrast, the resolved shear- _ line is the zone axis of several possible gliding 
a stress coefficient is 0.49 on rs. Therefore, if one Planes, and it is seldom possible to predict 
assumes negative translation gliding on rsin the Which of these planes will be operative. A 
direction [0111:2021], as in calcite, the calcu- further restriction on translation in ionic 
and at | ‘ated strain should approximate the measured ‘TY stals is possible. Ions of the same sign would 
vere of | Stain. From equation (2) and the values Sp = not be likely to approach each other since this 
2 is in | 949, a = 65°, B = 71°, and y = 52°, a cal- would lead to repulsions normal to the gliding 
calcite | ‘ulated strain of 7.5 per cent is obtained in good line. This “forbidden” translation is, however, 


agreement with the measured value. There is 


known in some crystals. These principles are 
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applied below to gliding in the rhombohedral 
carbonate minerals. 

Figure 20 shows the generalized structure of 
the calcite tvpe (symmetry, hexagonal scale- 
nohedral). Magnesite (MgCOs;), rhodochrosite 
(MnCO;), siderite (FeCO;), and smithsonite 
(ZnCO3) have the same structure. The figure 
also represents the structure of dolomite if it is 
understood that alternate layers of positive 
ions parallel to c{0001} are composed of Ca 
and Mg and that as a consequence the sym- 
metry (trirhombohedral) is lower than that of 
the calcite type. 

The directions in which ions of like charge 
are most closely spaced are along the short 
diagonals of the rhombohedral faces. Thus if 
attention is focused on 7, the line [n:fo] = 
[r::a] is the gliding line for the possible glid- 
ing planes of low indices 7:(1011), fo(2201), fs 
(0221), and as(1210). The three equivalent 
lines demanded by trigonal symmetry are 
[ri [ri :fsl, and [ro:fil. 

The next most probable gliding direction 
is the long diagonal of the rhombohedral face. 
The line [ri:e:] = [ri:c] = [r1:m] is the gliding 
line for the possible gliding planes of low 
indices 7,(1011), e(1012), c(0001), and m 
(1010). The three equivalent lines are [r;:c], 
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[r2:c], and [rs:c] which are the three crystallo. 
graphic (horizontal) axes de, a3, a4. 

The system (JT = r,(1011), ¢ = has 
been observed in calcite (Turner e¢ al., 1954a, 
p. 931; Handin et al., 1957, p. 1223) and is first 
reported in magnesite in the present paper. The 
critical resolved shear stresses at room tempera- 
ture differ widely, about 1500 and 2300 kg/cm? 
for calcite and magnesite, respectively. More- 
over, in calcite the critical stress decreases to 
about 250 kg/cm? when the temperature js 
raised to 300°C. (Turner et al., 1954a, Table 1); 
in magnesite the stress appears to increase with 
temperature. 

In translation gliding each displacement is 
through an integral number of interionic dis- 
tances, so that the configuration of the crystal 
structure remains unchanged. In a cubic metal, 
gliding in either sense is equally likely. How- 
ever, in the carbonates one sense may be pre- 
ferred over the other since the force field of a 
carbonate group is not spherical. The sense of 
r translation is observed to be negative in cal- 
cite, but the evidence is not unequivocal. 
Possibly failure to observe the positive sense is 
due to the fact that a force directed to induce 
gliding in this sense would much more readily 
induce e twinning. In our experiments twinning 
does not occur in magnesite, and r translation 


Pirate 3.—THIN SECTIONS OF SPECIMENS LOADED PERPENDICULAR TO ni 


Ficure 1.—Thin sections of specimens extended perpendicular to 7;. A. Specimen 160 extended 11.9 per 
cent at 24°C. Boundaries of the kink band are outlined by the lines WX and YZ. The section is perpendicu- 
lar to r; and almost parallel to the plane of deformation. B. Specimen 170 extended 10.1 per cent at 300°C. 
The section is perpendicular to 7;. Slip bands parallel to c{0001} are clearly visible and are illustrated in 
greater detail in Plate 44, B. C. Specimen 174 extended 4.2 per cent at 400°C. Although incipient, f lamellae 
are more prominent than in 170. D. Specimen 559 extended 7.1 per cent at 500°C. The section is parallel to 
the plane of deformation. Lamellae parallel to f; are much more profuse than in either 170 or 174. 

FicurE 2.—Thin sections of specimens compressed perpendicular to 7;. A. Specimen 146 compressed 14.6 
per cent at 24°C. The section is almost perpendicular to 7; and parallel to the plane of deformation. B. 
Specimen 156 compressed 7.8 per cent at 300°C. The section is almost perpendicular to 7; and parallel to 
the plane of deformation. C. Specimen 529 compressed 6.5 per cent at 400°C. The section is almost perpendic- 
ular to r;. D. Specimen 504 (Griggs) compressed 10.8 per cent at 500°C. The section is almost perpen- 
dicular to r;. Twinning on /; is almost complete in the central part. 


PLATE 4.—PHOTOMICROGRAPHS OF SPECIMENS 170 (A, B), 174 (C, D), AND 161 (£, F) 


A, Area in thin section of 170 (PI. 3, fig. 1B) illustrating characteristics of the slip bands. Alternate bands 
contain rotated lamellae L;,. Plane polarized light with O-ray parallel to vibration direction of polarizing 
nicol. B. Same area as Plate 44 with the E-ray parallel to vibration direction of polarizing nicol. The fi 
lamellae occur in those slip bands containing L;,. C. Area in thin section of 174 illustrating slip bands 
parallel to c{0001}. There is a tendency for f lamellae to occur in alternate bands, but it is not so pro- 
nounced as in specimen 170 (PI. 4B). D. Area in thin section of 174 illustrating the most common appearance 
of f lamellae in this specimen. E, /. Photomicrographs of specimen 161 from areas in the kink band (PI. 6, 
fig. 1A) illustrating characteristics of internally rotated r; lamellae. 
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occurs in compression but not extension tests. 
This is evidence that translation is negative in 
magnesite also and is indeed restricted as to 
sense. 

Translation (T = f2(2201), ¢ = [ri:f2]) has 
been detected only in calcite and appears to be 
more effective at 24°C. than 300°C. (Turner 
ed al., 1954a, p. 931). The sense is again nega- 
tive. Paterson (Personal communication, Au- 
gust 1957) reports the existence, as yet uncer- 
tain, of a2 (1210) translation in calcite. 

None of the systems involving the long 
diagonal [ri:c] has been identified with cer- 
tainty in calcite.4 Their absence may be due 
to the ease of twinning in most orientations of 
specimens subjected to triaxial compression. 
Under the more severe restraint of a torsion 
experiment, it is possible, but not yet estab- 
lished, that gliding may occur on (T = c(0001), 
t = or (T = m (1010), ¢ = 
(Handin, Higgs, and O’Brien, in manuscript). 
We are continuing work on the torsion of cal- 
cite single crystals. 

Basal translation (J = c(0001), ¢ = [r:c]) 
has been reported for magnesite and siderite 
(Johnsen, 1902, p. 142) and for rhodochrosite 
and smithsonite (Veit, 1922, p. 128). It is the 
only system detected in dolomite, as might be 
predicted, since only layers parallel to ¢ contain 
ions all of the same species. Gliding along 
ln:c] on other possible planes or along [ri :/2] 
involves rows made up alternately of Ca and 


‘Translation of e; along a different gliding line, 
namely along [rz:rz] in a sense opposite to that of 
e twinning, has been frequently mentioned in the 
literature but is now discredited (Turner, ef al., 
1954a, p. 885). 
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Mg.* Basal translation in dolomite occurs with 
equal facility in either sense. This too might be 
anticipated, since displacements are parallel to 
the plane of the carbonate group containing the 
C and all three O atoms. This is the ‘“smooth- 
est” plane. 

In calcite, twin gliding on ¢(1012) along 
[e1:7r2] in the positive sense has been long recog- 
nized. This system is known in siderite (Tertsch, 
1949, p. 59) and might be expected in all the 
rhombohedral carbonates containing only one 
species of positive ions. This twinning cannot be 
ruled out for rhodochrosite and smithsonite 
but does not occur in magnesite, at least under 
our experimental conditions. This system 
would not be expected in dolomite. (See Handin 
and Fairbairn, 1955, p. 1258.) Twinning on 
fi(2021) along is known only in dolomite. 

In summary, the behaviors of calcite and 
dolomite differ as follows: 

(1) At room temperature calcite twins 
readily on e; the critical resolved shear stress 
is only about 30 kg/cm*. If the calcite is 
unfavorably oriented for twinning, it translates 
on r and /. The critical stress for r gliding is of 
the order of 1500 kg/cm*. If it can twin, the 
calcite is very ductile under high confining 
pressure; strains of at least 30 per cent are 
achievable. 

(2) At room temperature dolomite translates 
on c but does not twin. The critical stress is of 
the same order as that of r translation in calcite. 
However, the ductility of the dolomite is not 
so large as that of the calcite when the latter 
can twin. 


5 Table 7 shows that the resolved shear-stress 
coefficients for e and r translation are high in at 
least some of the orientations of the test cylinders. 


PLatE 5.—PHOTOMICROGRAPHS OF SPECIMENS LOADED PERPENDICULAR TO 17; 


A. Area in thin section 146 illustrating sharply defined slip bands that are parallel to c{0001} B. Area in 
thin section 146 that exhibits both 7; and Ly, lamellae. C. Area in thin section 156 illustrating rotated lamel- 
lae L;,. D. Area in thin section 156 which contains slip bands with concentrations of fe lamellae in alternate 
bands. E. Area in specimen 504 (Griggs) illustrating rotated lamellae resulting from twin gliding on fs; 
plane polarized light. F. Same as E under crossed nicols. 


PLaTE 6.— THIN SECTIONS OF DOLOMITE SPECIMENS LOADED PARALLEL TO [f2:/;] AND 
MAGNESITE LOADED PARALLEL TO c, 


FicureE 1.—Thin sections of dolomite specimens loaded parallel to [f2:/3]. A. Specimen 161 extended 7.5 
per cent at 24°C. WX and YZ mark the boundaries of the kink band. B. Specimen 153 compressed 12.0 
per cent at 24°C. C. Specimen 575 extended 5.2 per cent at 300°C. D. Specimen 147 compressed 6.5 per 
cent at 300°C. 


FicurE 2.—Thin section of magnesite specimen 123 compressed 7.9 per cent at 24°C. 


= 


276 


(3) At 300°C. calcite deforms by e twinning 
and ¢ translation. The critical stresses are now 
only about 15 and 250 kg/cm?, respectively. 
Heating has increased the ductility for all 
orientations of the crystals relative to the 
applied loads. 

(4) At 300°C. the predominant mechanism in 
dolomite is still ¢ translation; f twinning is sub- 
ordinate. The critical stress for translation has, 
however, increased with temperature while the 
ductility is little affected by heating. 

(5) At 500°C. the principal mechanisms in 
calcite are still e twinning and + translation. 
The critical stress for twinning approaches 
zero and for translation is less than 100 kg/cm’. 
The ductility is enormous; strains of 100 per 
cent or more are attainable (Griggs et al., in 
manuscript). 

(6) At 500°C. f twinning in dolomite operates 
to the exclusion of c translation. The ductility 
of crystals unfavorably oriented for ¢ gliding 
but favorably situated for twinning is much 
enhanced, for at lower temperatures these 
crystals are brittle. However, in no orientation 
is the dolomite as ductile as the calcite. 

Contrasts in the deformational behavior of 
limestone and dolomite rock are now at least 
qualitatively explainable in the light of the 
information on single crystals. 

At all temperatures the yield stress of lime- 
stone depends strongly upon the orientation of 
the load relative to the rock fabric if there is a 
preferred orientation of the constituent calcite 
grains. This is associated with the difference in 
yield stress of single crystals as twinning is 
possible or not. In limestone the yield stress 
decreases and the ductility increases as the 
test temperature is raised in accord with the 
behavior of the calcite crystals. 

In dolomite crystals there is only one gliding 
mechanism at room temperature, and in dolo- 
mite rock also twinning does not occur at room 
temperature (Handin and Fairbairn, 1955, p. 
1272). If there is a preferred grain orientation, 
some strength anisotropy in dolomite rock would 
be expected because statistically the resolved 
shear stress for basal translation would vary 
with the direction of the load relative to the 
rock fabric. However, the marked contrast 
observed in limestone would not be expected 
since there are not two potential gliding systems 
with vastly different critical stresses. 

In dolomite rock the yield stress and ductility 
are affected little by heating to 300°C., just as 
these properties of single crystals are little 
influenced. The strength of the rock does not, 
however, increase with temperature. We have 
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found that at 500°C. where twinning is impor. 
tant the ductility of dolomite rock is much 
greater than at 300°C. but still not nearly so 
great as that of limestone under the same con- 
ditions. The yield stress at 500°C. is appreciably 
lower than that at 300°C. as would be expected 
from the behavior of the single crystals. At 
500°C. there is a pronounced strength anisot- 
ropy which is qualitatively correlatable with 
the loading direction relative to the rock fabric, 
Only one mechanism, f twinning, is important, 
But gliding can occur in only one sense, whereas 
the low-temperature translation-gliding mecha- 
nism is unrestricted in sense. 


CONCLUSIONS 


(1) Only two gliding systems have been ob- 
served in dolomite crystals: translation gliding 
on c{0001} parallel to an a axis in either sense, 
and twin gliding on /{0221} in a negative sense 
along a line defined by the intersection of the 
twin plane and a{1120}. 

(2) Only one gliding mechanism has been 
detected in magnesite crystals which were 
loaded unfavorably for basal translation: trans- 
lation gliding on r{1011} in the direction 
[1011:2201] in a negative sense. No twin gliding 
was produced. 

(3) At temperatures below about 400°C., 
translation gliding on c{0001} was the only 
intracrystalline mechanism that was detected 
in dolomite. 

(4) The critical resolved shear stress for 
basal translation increased from about 900 
kg/cm? at 24°C. to about 1200 kg/cm? at 
400°C. This unusual behavior is not well under- 
stood and is in contrast to the behavior of 
most materials on which quantitative stress- 
strain data are available. However, since in 
calcite the critical stress for r translation de- 
creases while in magnesite it increases with 
increasing temperature, the phenomenon may 
somehow be related to the magnesium ion. 

(5) The critical resolved shear stress for f 
twinning decreases from a value of at least 
2000 kg/cm? at 24°C. to about 500 kg/cm? at 
500°C. The critical stresses for twinning and 
translation are equal at about 400°C. at which 
point twin gliding becomes important. At 
500°C., twin gliding on {0221} is the only 
operative mechanism. This, too, is unusual, for 
according to Cahn (1954, p. 412), “It is a well 
established rule in metallurgy that as the 
temperature is raised, slip is favored at the 
expense of twinning, to the point where twin- 
ning may cease altogether.” 
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TURBIDITY-CURRENT DEPOSITS IN SAN PEDRO AND 
SANTA MONICA BASINS OFF SOUTHERN 
CALIFORNIA 


By Donn S. GorsLinE AND K. O. EMERY 


ABSTRACT 


The floors of San Pedro and Santa Monica basins off southern California lie at a depth 
of nearly 1000 meters. Yet they contain layers of clean sand interbedded with normal 
deep-water green muds. The sands and their associated beds of silt and of fine gravel are 
believed to have been rapidly deposited by turbidity currents which started as mass 
movements at the shallow heads of submarine canyons and at the tops of basin slopes. 
A similar sequence is present in Pliocene sediments of completely filled basins now on 
land, for which the shales serve as source beds of petroleum and the sandstones as reser- 


voir beds. 
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INTRODUCTION 


The sea floor off southern California is a 
block-faulted complex of basins separated by 
islands and banks (Shepard and Emery, 1941). 
The 14 basins range from ones that are about 
200 km from shore and have received little 
sediment to others that are adjacent to shore 
and have received so much sediment that their 
floors are broad and flat. At least one of the 
latter basins has been filled so deeply that sedi- 
ment is now spilling out of it into the next 
basin seaward. Additional basins occur on the 
adjacent mainland where four are completely 
filled and are now dry land; the gently sloping 
plain atop one of these basins is the site of the 
city of Los Angeles. 

Coring of the sea-floor basins during the past 
20 years has established the fact that each 


basin contains layers of clean sand or silt usu- 
ally less than a few cm thick and interbedded 
with green muds (Shepard, 1951a; Emery and 
Rittenberg, 1952). Similar sequences of Pliocene 
age characterize the completely filled basins 
now on land as shown by outcrops and oil-well 
cores (Natland and Kuenen, 1951; Slosson, 
1958, Ph.D. Dissertation, Univ. Southern 
Calif.). In 1954 an attempt to obtain cores at 
several places in San Pedro Basin (Fig. 1) 
resulted in bent core barrels and recovery of 
about a meter of sand. This experience led to a 
more detailed survey of the bottom materials 
in San Pedro and Santa Monica basins financed 
by a grant-in-aid from the Standard Oil Com- 
pany of California (California Research Cor- 
poration) and supported by spare ship time 
provided by Captain Allan Hancock of the 
University of Southern California. Most of the 
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INTRODUCTION 


field and laboratory work was done by Gorsline 
as a doctoral dissertation (1958) under the 
guidance of Emery. 


TOPOGRAPHY AND WATER CHARACTERISTICS 


San Pedro and Santa Monica basins lie 
immediately south and west of the completely 
filled Los Angeles Basin. Maximum bottom 
depths of the two submarine basins are similar, 
912 and 938 meters (2994 and 3078 feet) below 
sea level, respectively, and both basins have 
the same sill at 737 meters (2418 feet) near the 
southeastern end of San Pedro Basin (Fig. 1). 
Below this sill depth San Pedro Basin has an 
area of 655 km* and Santa Monica Basin an 
area of 1805 km?; about 90 per cent of both 
figures represents also the areas of flat floor. 
On the southwest both basins are limited by a 
single long fairly straight scarp that rises above 
sea level to form Santa Catalina Island. On the 
north and northeast the basins are limited by 
another scarp that is steep (2°-30°), smoothly 
curved, and rises to depths of 80-90 meters 
(260-295 feet) at the outer edge of the 1- to 
15-km wide continental shelf. Each scarp is 
believed to be of fault origin. 

The insular scarp meets the flat basin floor 
with no transition in slope. On the mainland 
side, however, the scarp has an apron of sedi- 
ment at its base with an irregular hummocky 
surface. The upper edge of this scarp is 
indented by many small gullies, and both 
apron and gullies have been attributed to the 
effects of mass movements of sediment from the 
higher parts of the scarp (Emery and Terry, 
1956). 

Both the shelf and scarp along the mainland 
side of the basins are incised by submarine 
canyons, four of which reach to within 100 
meters of shore: Hueneme, Mugu, Dume and 
Redondo (Fig. 1). Where the canyons debouch 
at the basin floor their mouths are at the 
apexes of half cones of sediment known as 
subsea fans. These fans have profiles with 
average gradients of about 1°, and their bases 
merge into the more gently sloping (about 0.2° 
southeastward) floors of both basins. Extending 
from the mouths of the canyons down the 
subsea fans and across part of the basin floors 
are deep-sea channels about 0.5 km_ wide, 
10-20 meters deep, and bordered by natural 
levees (Fig. 1). Several generations of the 
channels appear to be present, indicating their 
changeable nature. 

The volumes of subsea fans opposite the 
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Hueneme-Mugu group, Dume, and Redondo 
submarine canyons are 24, 1.7, and 15 billion 
cubic meters respectively, about 1.8, 3.3, and 
1.8 times the volumes of the empty adjacent 
canyons, and even more considering that part 
of each fan is buried under sediments of the 
basin floors. Beyond the subsea fans the floors 
of both San Pedro and Santa Monica basins 
are very flat (Fig. 2) according to recent sur- 
veys based on soundings by the Precision 
Depth Recorder (Luskin, Heezen, Ewing, and 
Landisman, 1954). Slopes of these floors are 
less than 0.33 per cent, or 0°11’. 

Seismic surveys of the sediment thickness 
are lacking for San Pedro and Santa Monica 
basins, but such surveys for other basins that 
are farther offshore and are less flat and broad 
and therefore probably contain less sediment 
show the presence of as much as 3000 meters of 
sediment. Since their development the filled 
basins on land have received 2000-6000 meters 
of sediments. Both the land and sea-floor basins 
are believed to have been initiated during 
Middle and Late Miocene times, and they have 
received sediments ever since. 

Sea water that fills the basins has a definite 
role in the production and preservation of the 
sand and silt layers. The dominant waves are 
swells moving from the storm centers of the 
northern Pacific Ocean southeastward into 
and through the region. Their movement 
causes extensive longshore drifting of beach 
sand, as revealed by the trapping of as much as 
400,000 cubic meters annually against indi- 
vidual groins and breakwaters. Still more 
sand is trapped in the deep heads of the sub- 

marine canyons that reach close to shore. This 
sediment fill is known to slide away periodically 
down-canyon. 

Between sill depth and the floors of San 
Pedro and Santa Monica basins the water is 
nearly isothermal at 5.05°C., isohaline at 
34.3 %, and contains little dissolved oxygen, 
0.25 ml/L, with no indication of seasonal or 
secular changes. These parameters are con- 
trolled by the fact that the water that enters 
the basins must enter at sill depth, which is 
also within the depth range of the oxygen 
minimum for this region (Emery, 1954). Owing 

to the low content of oxygen in bottom waters 
or to its absence in the interstitial waters of the 
sediment, bottom-living animals such as worms 
are virtually absent below the basin-sill depths 
(Hartman, 1955). Accordingly, thin layers of 
sediment deposited on the basin floors remain 
relatively undisturbed by animal activities. 
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SEDIMENTS were selected from more than 1500 collected 
during previous studies of the basins and the 
Samples near-by continental and island shelves. Of these 


samples 136 were cores that ranged up to 6 

About 260 bottom samples from San Pedro meters in length (average was 3 meters); most 
and Santa Monica basins were taken during the _ of these were taken with a modified piston corer 
course of this study, and 210 additional samples _ weighing about 500 kg (Kullenberg, 1947). The 
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FicuRE 3.—AREAL VARIATION OF TEXTURE 
Top—Median diameters of surface “continuous” sediments, showing general decrease from shore to the 
basin floors. Data from coarsest sediment omitted in interest of simplification. 
Middle—Sand-shale ratio computed on basis of 2 meters of continuous green mud becoming eventually 
compacted to 1 meter of shale. Note close relationship of high ratios to submarine canyons and subsea fans. 
Bottom—Average thickness of sand layers, showing seaward thinning. 
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cores were the only available means of detecting 
interbedded sand layers. All other samples were 
of surface sediments which were collected, using 
snappers and large orange-peel buckets, to 
provide information on the geographical vari- 
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slopes. They are henceforth referred to as con- 
tinuous or “normal” sediment in contrast to 
the discontinuous interbedded sand_ layers, 
This continuous sediment forms a basinward 
continuation of coarser sediment found at the 
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Ficure 4.—TypicaL CUMULATIVE GRAIN-SIZE CURVES OF SEDIMENTS 
1. Lower portion of a graded sand layer (San Pedro Basin), 2. Nearshore shelf sand, 3. Middle portion 
of a graded sand layer (San Pedro Basin), 4. Silt layer including all parts of the layer, 5. Sandy clay silt 
from the fan periphery, 6. Green mud (clayey silt) from the floor of San Pedro Basin, 7. Green mud (clayey 
silt) from the deepest area of the floor of Santa Monica Basin. 


ations of the muds that generally form the 
surface deposit. 

After the cores were extruded from the core 
barrels they were cut into 1-meter lengths, 
split lengthwise, and allowed to dry for several 
days. This drying period accentuated textural 
differences but did not cause marked shrinkage. 
Following partial drying each core was de- 
scribed, measured, photographed, and sectioned 
for laboratory studies. Investigations in the 
laboratory consisted of more than 1200 grain- 
size analyses and microscopic examinations plus 
the impregnation of some layers with plastic 
for sectioning to exhibit microfabric. 

Previous studies of the contents of moisture, 
nutrients, organic matter, and porphyrins in 
cores from these two basins as well as from 
elsewhere in the region provided considerable 
background experience for evaluating the new 
samples. 


Continuous Sediments 


Sediments that form the bulk of the deposit 
that has been cored in most basins off southern 
California are green muds (clayey silts). The 
same green muds occur in San Pedro and Santa 
Monica basins where they dominate on the 
seaward side of the floors and on all the side 


surface of the adjacent slopes, shelves, and 
sea knolls. On the shelves and other high 
isolated areas sediment is coarse-grained be- 
cause of the constant winnowing action of 
waves and currents. On high areas where 
modern detrital sediment accumulates slowly 
it becomes more or less diluted by coarse- 
grained organic components consisting of shell 
fragments and foraminiferal tests and by 
authigenic components consisting mostly of 
glauconite. As a result, the grain size of the 
continuous sediment ranges from an average of 
250-500 microns on the beach, through 62-250 
microns on the shelves, through 16-62 microns 
in the submarine canyons and on the subsea 
fans and basin slopes, to finer than 8 microns 
on the basin floors (Fig. 3, top). A sample from 
the floor of a deep-sea channel on Mugu Subsea 
Fan was 45 microns, whereas one from the fan 
beside it was only 8 microns. Average continu- 
ous sediments from the basin floor contain 7% 
sand, 59% silt, and 34% clay where the limiting 
divisions between these size grades are 62 and 
4 microns, respectively. Continuous sediments 
of the basins also contain an average of 9% 
calcium carbonate, 8% biotite, 1.5% plant 
fibers, and 4.7% total organic matter. Fo- 


raminifera and fragments of the swimming 
Cyclopectin are present, and samples from the 
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side slopes contain in addition some radio- 
larians, sponge spicules, echinoid spines, and 
chitinous worm tubes. Typical cumulative 
curves of the continuous basin sediments 
exhibit much poorer sorting than do those of 
the coarser sediments from the shelves (Fig. 4). 


Discontinuous Sediments 


Interbedded with the continuous sediments 
of the basin floors and dominant in the upper 
parts of subsea fans and floors of submarine 
canyons are unusual deposits that are desig- 
nated discontinuous sediments. They represent 
separate periods of large and_ geologically 
instantaneous deposition of coarser than usual 
sediment. Included are graded and/or lami- 
nated sand layers, gray silt layers, mud clasts, 
scattered gravels, and contorted beds. 

Most typical of all are the sand layers (PI. 1). 
These have a median thickness of about 1 cm, 
but the range is from mere partings to at least 
1 meter—too thick for penetration by the 
heavy corer. The average median diameter of 
grains in the bedded sands of San Pedro Basin 
is 72 microns and for those of Santa Monica 
Basin, 58 microns. In both basins the sand beds 
are clearly coarser than the intervening con- 
tinuous green muds and are more like the 
shelf sediments (Fig. 4). In general the sands 
are even coarser on the subsea fans, averaging 
125, 64, and 78 microns for the Hueneme— 
Mugu, Dume, and Redondo subsea fans, 
respectively. Many of the thicker sand beds 
are graded from coarse at the bottom to fine 
at the top. A typical 18-cm bed from deep in a 
core near the middle of San Pedro Basin was 
arbitrarily subdivided into 9 sections 2 cm 
thick; median diameters from the bottom to 
the top section were: 89, 84, 85, 81, 78, 74, 70, 
64, and 52 microns. Such a gradation strongly 
suggests deposition from a single suspension 
during a short period of time. Other sands 
(banded or laminated layers) contain thin 
partings of silt or several graded beds, which 
suggests repeated deposition during separate 
successive short time intervals. Others, partic- 
ularly on the subsea fans, exhibit little vertical 
variation in grain size and have sharp tops, as 
though they had been truncated after deposi- 
tion. Fine sands are typically laminated. 

Most of the sand consists of quartz and feld- 
spar in nearly the same ratio as on the adjacent 
shelves and beaches, about 2:1. Heavy minerals 
also have the same relative abundance of 
dominant species. A few grains of glauconite 
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are present, but only in the sands, and glau- 
conite also is an important constituent of the 
shelf sediments. Sand layers near the canyon 
mouths contain gravel consisting of sedimen- 
tary, igneous, and metamorphic types like 
rocks cropping out on the shelves. Unlike the 
continuous green muds, the sands contain 
little organic debris other than charcoal-like 
plant material that is concentrated in their 
upper portions. 

Related to the sand layers are well-sorted 
massive gray silt layers that occur near the 
base of the slopes peripheral to the basin floors. 
These, like the sand layers, have a lower content 
of organic matter and calcium carbonate 
than the intervening green muds. Most of them 
have sharp upper surfaces, but others merge 
gradually into the green muds. A few silt 
layers have basal sections of sand. Muds con- 
taining locally derived pebbles occur in a few 
places in the same areas. 

Mud clasts found in cores near the base of 
the slopes are round to flat and range from 
about 1 cm in diameter to sizes larger than the 
diameter of the core (Pl. 1). In the same areas 
many of the cores penetrated layers that were 
highly contorted in ways believed not to have 
resulted from the coring operations. Many 
contorted zones have a mixed appearance and 
contain small bits and pockets of sand. Possibly 
some zones are due to the destruction of sand 
layers by organisms (Moore and Scruton, 1957), 
but others are probably products of sliding and 
slumping. The undisturbed aspect of the over- 
lying and underlying parts of these cores 
eliminates the possibility of the features being 
the result of the coring process. 

The associations of sedimentary features 
with various parts of the topography may be 
summarized as follows: 


(1) Canyons and upper subsea fans 

(a) Sand layers are graded and truncated. 

(b) Upper and lower boundaries of layers are 

sharp. 

(c) Massive layers with several superimposed 
graded portions probably represent re- 
peated deposition and truncation. 
Coarsest grains occur in lowest portions of 
layers (gravels are common in Hueneme— 
Mugu subsea fans and canyons). 
Massive muddy sands with poorly de- 
veloped internal structures are common on 
canyon floors. 

A few large shells or pebbles are in the basal 
parts of the muddy sand layers but not 
necessarily at the base. 


~ 


(d) 


(e 


(f 
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(g) Large quantities of plant debris (twigs, 
charcoal) occur in the upper fine silty sandy 
portions of the layers of the lower parts of 
subsea fans and interbedded within the 
coarse sediments of the upper parts of the 
fans. 

(2) Subsea-fan margins 

(a) Fine-sand layers are graded and laminated. 

(b) Layers have sharply defined basal surfaces. 

(c) Coarsest grains are in the thickest layers. 

(d) Silty upper parts are preserved. 

(e) Gray silt layers occur on higher parts of 
subsea fans and peripheral areas of fans 
and have sharp top and bottom surfaces 
and massive internal structure. 

(f) Upper surfaces of fine sand layers have 
small-scale flow structures. 

(g) Modal bed thickness ranges from 2 to 5 cm. 

(3) Basin floors 

(a) Most fine sands are laminated rather than 
graded, with top portions consisting of 
silt (particularly in Santa Monica Basin). 

(b) Fine to medium sand is in basal portions of 

sand layers and absent at a distance from 
subsea fans. 

Top and bottom surfaces are sharply de- 
fined in sand and silty sand layers. 

Gray silt layers became more frequent as 
the distance from subsea fans increases; 
silt is massive and has flow structures at 
the surface boundary. 

In extreme ends of San Pedro Basin away 
from the subsea fan only gray silt layers 
appear, with gradational in addition to 
well-defined top surfaces. 

(f) In extreme ends of Santa Monica Basin 
away from subsea fans top portions of silt 
layers contain plant debris and have grada- 
tional surfaces. 

On aprons at the coastal side of the basin 
floors parts of cores contain mud and sandy 
mud with scattered sand pockets and a 
“mixed” structure. Thick gray layers and 
discolored contorted clay silts appear. 
Sand layers are muddy and poorly defined. 
In areas adjacent to the slope of the central 
Santa Monica Shelf cores contain contorted 


(c 
(d 


(e 


(g 


(h 


masses of pebbly muds without well-de. 
fined top or bottom surfaces. 

(i) Interbedded clay silts of all parts of the 
basin floors are massive and contain a few 
thin shells (Cyclopectin). 

(j) Modal bed thickness ranges from 0.25 to 
2 cm. 

(4) Slopes 

(a) Typical sediment is massive silty sandy 
mud with no apparent bedding. ¢ 

(b) Lower areas of slopes merge with the aprons 
in which contorted structures are present 
as noted above. 

(c) A few isolated pebbles or shells are present 
in the massive sandy clay silts. 

(d) At the lower part of the slope poorly de- 
fined gray silt layers are present as isolated 
units in many cores. 

(e) A microbreccia occurs in parts of a core 
near the base of the Santa Catalina Island 
slope, in an area of apronlike topography. 
Both the top and bottom of the breccia 
are poorly defined. 


Correlation and Age 


In spite of repeated attempts, correlation of 
individual layers from core to core proved 
unsuccessful. Correlation of sand layers in 
simple gravity cores taken by Ludwick (1950, 
Ph.D. dissertation, Univ. Calif. at Los Angeles) 
in an earlier related study off San Diego also 
failed, but it was thought that the thicker and 
more widespread sands in San Pedro and 
Santa Monica basins and the use of a piston 
corer would be more successful, Evidently, the 
sand and siit layers are discontinuous in space 
as well as in time. The fairly regular decrease 
in sand-shale ratio and thickness of the layers 
across the basin floor (Fig. 2), however, indi- 
cates that the discontinuous sediments are not 
haphazard. Probably the same layers occurred 
in many cores but were not recognized because 
they are absent in intervening areas. Adding to 
the difficulty of correlation are the variations in 
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The layers in cores 4663 (150-160 cm) and 4663 (122-128 cm) illustrate examples of fine-banded silty 
sand layers with flow structures in their upper surfaces. Core 4489 (135-150 cm) depicts a graded thick 
medium to coarse sand layer from a subsea fan. Core 4648 contains a group of gray mud layers (the down- 
swept ends are the result of dragging along the walls of the core barrel) which are typical of the zones border- 
ing steep slopes around the periphery of the central basin floor. The massive sandy silts with gravel and 
shallow-water invertebrate remains (Cores 4486 and 4683) are common on the upper parts of the subsea 
fans adjacent to the basin slopes. Core 4489 (30-33 cm) is another example of a coarse sand layer from the 
upper part of a subsea fan; note the grading and the absence of a silty graded zone at its top. Scale is in 


inches. 
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MEDIUM GRAY SAND 


FicurE 5.—ScHEMATIC REPRESENTATION OF TyPICAL SEDIMENTARY FEATURES 
A. Canyon-Fan-Basin sequence, B. Slope-Apron-Basin sequence. 
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TABLE 1.—RADIOCARBON AGE DETERMINATIONS 


AHF core no. 
4647 33°45.7’ 118°47.5’ 
4679 33°34.7’ 118°24.8’ 
4690 118°22.4’ 


North latitude | West longitude Water depth 
| 


‘Depth in core} 


392 cm 4900 + 140 years 


898 m 
887 m 305 cm 9450 + 250 years 
900m | 340cm 7050 + 120 years 


thickness produced by original deposition and 
by later truncation, similarity of successive 
layers, and wide spacing of cores (average of 
one core per 28 km?). Although the sedimentary 
features in cores from various parts of the 
basins, aprons, fans, slopes, and canyons cannot 
be correlated in detail, they have a systematic 
geographical distribution that can be shown by 
a schematic diagram (Fig. 5). 

Radiocarbon age determinations were made 
at the bottoms of three cores from near the 


middles of San Pedro and Santa Monica basins 
as part of a larger project supported by the 
National Science Foundation. The analyses, by 
T. A. Rafter (New Zealand Department of 
Scientific and Industrial Research), are based 
on organic carbon (Table 1). 

Without question the sand layers in the 
sediment have been deposited within the past 
several thousand years. Graded bedding and 
low contents of organic matter and calcium 
carbonate provide ample evidence of extremely 
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| | | 
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rapid deposition of individual layers. The rate 
of deposition of the intervening green muds can 
be computed after correction of the radiocarbon 
ages for the “zero” age of the surface sediment 
(tentatively 2300 years) and correction of the 
core length for sand and silt layers. The result- 
ing rates for green mud are 76, 26, and 53 
mg/cm?/year, or an average of about 52 
mg/cm?/year for the three cores. For sediment 
having a water content of 50 per cent by wet 
weight, this average rate corresponds to a 
thickness of 0.72 mm per year. With a typical 
interval of 0.3 meter of green mud between 
sand and silt layers near the middles of the 
basins, it is evident that the discontinuous 
sediments are commonly deposited there only 
at intervals of about 400 years. Banded sands 
on the fans and the canyon floors are indicative 
of deposition at much shorter intervals, 
possibly only 1-10 years. Owing to the discon- 
tinuous nature of deposition and to the great 
depth of water, the possibility of deposition 
being observed by existing types of cameras is 
remote; therefore, the mode and cause of 
deposition must be deduced from the various 
characteristics of the deposits. 


CONCLUSIONS 
Origin of the Sediments 


The fine-grained green mud of San Pedro 
and Santa Monica basins as well as of other 
basins farther from shore is believed to reach 
its site of deposition by several different modes 
of transportation. Some is blown seaward during 
occasional brief periods of strong winds blowing 
from inland desert regions, and some is floated 
seaward in a lens of fresh water discharged to 
the ocean by streams during floods, but most of 
it is believed to make its way seaward from 
stream mouths and sea cliffs via diffusion 
through the water column and slow movement 
near the bottom on shelf areas. Movement of 
sediment across the continental shelf is indi- 
cated by ripple marks, by a continuous seaward 
decrease in grain size of present-day detrital 
sediment on shelves (Emery, 1952), by collec- 
tion of fine sediment in various kinds of traps 
set on the shelves, and by a kind of haze, 
commonly observed by divers, just above the 
bottom. 

Coarser-grained discontinuous sediment re- 
quires a different explanation. Landes (1952) 
postulated that such layers owe their origin to 
former shallow water, but the radiocarbon 
dating in addition to many other arguments 
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(Emery and Natland, 1952) clearly shows that 
this explanation is incorrect. 

The only hypothesis worthy of serious cop. 
sideration that is known to the writers is that 
of turbidity currents. Streams that reach the 
coast adjacent to the two basins or west (and 
thus upcurrent) of them discharge great 
quantities of sediment—according to Handin 
(1951), about 1.3 million cubic meters of sand 
annually. This sand is moved alongshore to 
the southeast by the diagonally approaching 
waves (Johnson, 1956). Nowadays much of it 
is trapped by groins and breakwaters, but some 
is deposited in the heads of submarine canyons, 
as shown by shoaling depths in repeated 
hydrographic surveys. Sudden sliding away of 
the accumulated sediment has been noted at 
Redondo Canyon and at so many other can- 
yons (Shepard and Emery, 1941, p. 94-103: 
Shepard, 1951b) that it appears to be a natural 
phenomenon. Beyond this point, the manner 
of transportation must be inferred. The mass 
movement down the axis of canyons is believed 
to become transformed into a turbidity current 
at some presently unknown depth in the 
canyons. The sediment-laden water, which is 
heavier than even the cold water at depth in 
the basins, is able to flow out of the canyons, 
down the subsea fans, and across a wide ex- 
panse of basin floor. For part of the distance 
the flow appears to be confined largely to the 
deep-sea channels, as proposed by many 
investigators of other deeper channels in the 
Atlantic, Pacific, and Indian oceans (Ericson, 
Ewing, and Heezen, 1952; Menard, 1955). En 
route, as the gradient decreases and the tur- 
bidity flow spreads laterally, its velocity 
decreases and its coarsest sediment is deposited. 
With the deposition of some sediment, the 
flow becomes less dense and moves less rapidly, 
so that finer sediment is deposited farther into 
the basins. Turbid water left behind drops its 
load of finer sediment to form graded bedding 
in the manner proposed by Kuenen and Mig- 
liorini (1951). 

Additional mass movements also occur near 
the tops of basin slopes where a layer of sedi- 
ments several meters thick may accumulate 
and finally slide away (Emery and Terry, 1956). 
Some of this sediment is deposited at the base 
of the slopes as irregular aprons that consist 
partly of large contorted slabs of sediment. 
Much sediment, however, moves beyond the 
aprons in the form of turbidity currents. 
Because little detrital sand from land reaches 
the basin slopes, the turbidity currents devel- 
oped from the slopes form silt layers primarily 
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indicate that the sands entered the basin from 
the north and east. A similar high sand-shale 
ratio exists in the Ventura Basin, which is 
also filled, located inshore from Hueneme 
Submarine Canyon. The strata include graded 
sand layers, contorted beds, deep ripple marks, 
pull-aparts, mud clasts, displaced faunas, and 
charcoal (Natland and Kuenen, 1951), like 
those of the modern basins. Similar features 
reported elsewhere (Kuenen, 1953; Crowell, 
1957) are interpreted as produced by ancient 
representatives of the recent turbidity currents 
in San Pedro and Santa Monica basins. 

The presence of both continuous and dis- 
continuous sediments on the floors of San Pedro 
and Santa Monica basins causes these areas to 
have both the finest and the coarsest sediment 
of the region. This relationship has important 
implications with respect to the origin and 
accumulation of petroleum. The fine-grained 
sediments of these basins contain a very high 
content of hydrocarbons (Orr and Emery, 
1956), even though their content of total 
organic matter is not so great as in basins 
farther offshore (Emery and Rittenberg, 1952). 
On compaction of the shales some of these 
hydrocarbons are probably squeezed out with 
the last of the interstitial water. Interbedded 
layers of clean sand provide convenient reser- 
voirs for accumulation of the hydrocarbons 
from the shales. Thus the basins contain inter- 
bedded source beds and reservoir beds—an 
ideal situation for stratigraphic oil traps that 
can be enhanced by later folding into typical 
oil-field structures. The fact that Los Angeles 
and Ventura basins on land contain sediments 
similar to those of San Pedro and Santa Monica 
basins still under the sea is probably the reason 
why the two basins on land have proven to be 
such oil-rich areas, producing about an eighth of 
all the petroleum in the United States. We can 
expect that in a few million years the San Pedro 
and Santa Monica basins will become filled 
and exposed so that they too will be oil-rich 
provinces. 
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OCEAN BASINS, IN THE MEDITERRANEAN SEA, ON THE 
MID-ATLANTIC RIDGE, AND IN THE NORWEGIAN SEA 
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ABSTRACT 


Seismic-refraction measurements in the western basins of the North Atlantic Ocean 
show that an average crustal section consists of 144-1 km of low-velocity sediments and 
4-6 km of oceanic crustal rock in which the seismic velocity is about 6.5 km/sec. There is 
good evidence from sub-bottom reflections and shear waves that in many places there is a 
layer with a velocity between 4.5 and 5.5 km/sec and a thickness of 1-2 km between the 
low-velocity sediments and the 6.5 km/sec layer, although it is not usually detected by 
refracted arrivals. These layers are underlain by the mantle which has an average seismic 
velocity near 8 km/sec. Measurements in the eastern basins show a similar crustal section, 
but the velocity below the deep discontinuity appears to be lower (7.7—7.8 km/sec). 

Measurements in the Mediterranean Sea show only low-velocity sediments underlain 
by a refracting layer in which the average velocity is about 4.5 km/sec. 

On the Mid-Atlantic Ridge the sediments are underlain by two refracting layers with 
velocities averaging 5.6 and 7.4 km/sec respectively. The results indicate that the ridge 
has been built by the upwelling of great amounts of basalt magma along a tensional frac- 
ture zone. Presumably the extensional forces and the supply of basalt magma come from 
convection currents deep in the mantle. Measurements in the Norwegian and Greenland 
seas show results very similar to those on the Mid-Atlantic Ridge, and, from this and the 
extension of the belt of active seismicity, it appears that the ridge structure continues 
through the Norwegian and Greenland seas into the Arctic Ocean. 

The results of a few stations on the continental shelf of North America, Britain, and 
Norway are presented and compared with previously published results in these areas. 
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INTRODUCTION 


Seismic-refraction measurements were made 
on several cruises in the Atlantic Ocean and 
the Mediterranean and Norwegian seas during 
1951, 1952, and 1953. These cruises provided 
the first opportunity to make seismic measure- 
ments in many parts of the ocean, and the data 
obtained allow comparisons of crustal structure 
among these and other, better-known areas. 
Included in this report are the results of 71 sta- 
tions, of which 24 are in the western basins of 
the Atlantic, 6 are in eastern basins, 5 are in the 
Mediterranean Sea, 19 are on or near the Mid- 
Atlantic Ridge, 5 are in the Norwegian and 
Greenland seas, 8 are on the Continental Shelf 
of Britain and Norway, and 4 are on the con- 
tinental margin of eastern North America. 
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MEASUREMENT AND INTERPRETATION 


The methods of measurement and interpreta- 
tion have been described previously (Ewing et 


al., 1939; Officer e¢ al., 1952; Officer and 
Wuenschel, 1951; Sutton and Bentley, 1953), 
and only a short summary of them is given here. 
The corrections applied include shot depth, 
distance from shot to shooting ship, hydrophone 
depth, and topography. Unless stated to the 
contrary, the topographic corrections were 
made on the assumption that the irregularities 
in the water-sediment interface were duplicated 
in all deeper interfaces. 
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Throughout this work, the seismic detectors 
were crystal hydrophones suspended at a depth 
of 30-50 m in the water. The output of each 
hydrophone was amplified, filtered, and re. 
corded by a photographic oscillograph on the 
receiving ship. During the operations, the re. 
ceiving ship remained hove to while the shooting 
ship fired a line of shots out to the required dis- 
tance. The functions of the ships were then re- 
versed, and the former receiving ship fired 
shots on a line up to the new receiving position, 
This procedure is normally referred to as “re. 
versing” the station. It would have been desir. 
able to shoot short reverse profiles to determine 
the upper layers in addition to long reverse pro- 
files to determine the deeper layers, but there 
was not time for this. Additional deviation from 
an ideal reversed station results from the drift 
of the receiving ships; this is minimized pri- 
marily by operating in favorable weather. All 
shots were fired with burning fuse, and the shot 
instant or “time break” was transmitted to the 
receiving ship by radio. As a safeguard against 
missed radic signals, events on both ships were 
related to absolute time by chronometers which 
were periodically checked against station 
WWVy. 

Sound waves radiating from each explosion 
reach the detectors by a number of paths. The 
sound which has travelled each path can be 
clearly distinguished. Definitions of the various 
phases and discussions of the place of each on 
the travel-time graph follow. 

D—direct water wave, which has travelled 
horizontally in the water near the surface. Since 
the travel-time graph is a plot of arrival times 
on the ordinate against distance, in increments 
of direct water-wave travel time, on the ab- 
scissa, the D arrivals obviously fall on a straight 
line having a slope of 45° and a zero intercept on 
the time axis. Normally the points are not in- 
dicated on the graph, although the lines are 
drawn for convenience. 

R, , Re, R3 ,---—water waves which have 
been reflected once, twice, etc., from the ocean 
floor. These arrivals form the hyperbolic curves 
shown on the travel-time graph. 


R’, R”---—+reflected waves from interfaces 
below the ocean floor. 
G,, Gz, Gs3,---—compressional waves 


which have been refracted horizontally in suc- 
cessive layers beneath the ocean floor. 
shear waves. 
R,G—reflected-refracted compressional waves 
which have been refracted in a layer be- 
neath the ocean floor and in addition have been 
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MEASUREMENT AND INTERPRETATION 


reflected once. (See Ewing, Sutton, and Officer, 
1954, for example.) 

G—doubly refracted compressional waves. 

The ground-wave arrivals determine straight- 
ine segments which, when extended, intercept 
the time axis above the origin. The inverse slope 
of each segment gives the velocity of sound in 
the corresponding layer relative to that of the 
direct water wave, and the intercepts of these 
lines determine the layer thicknesses. 

A line, rather than a point, on a travel-time 
gaph shows the uncertainty in picking that 
particular arrival. In some cases the uncer- 
tainty results from almost simultaneous ar- 
tival time of the ground wave and the water 
wave. In others, excessive background noise or 
low signal strength has been the cause. 

In the light of previous experience, a particu- 
lar effort was made at stations F-1 to F-16 and 
G-1 to G-16 to space shots closely over the range 
at which refracted arrivals from the sediment- 
ary layers can be observed. Still, there were at 
times no refracted arrivals through the upper 
(unconsolidated) layer. In such cases a velocity 
was assumed; the choice naturally was influ- 
enced by any available near-by measurements. 
Whenever a velocity has been assumed in this 
work, it is represented by a dashed line on the 
travel-time graph. The thickness of sediments at 
many of the stations, particularly in the earlier 
work, was calculated on the assumption that 
the velocity throughout the sedimentary col- 
umn is 1.70-1.80 km/sec. In such cases the 
thickness possibly should be revised upward 
by as much as 10-15 per cent, in view of the ap- 
preciable number of detailed stations since oc- 
cupied which show higher-velocity layers in the 
lower part of the sedimentary column. At pres- 
ent, it is not fully understood why the arrivals 
from the sediment layers are very strong at 
some stations and weak to nonexistent at others. 
Equally puzzling is a similar variation in the 
intensity of transformed shear waves. 

Data for computing the speed of sound, both 
vertically and horizontally, in the water were 
obtained from hydrographic stations made at 
each seismic station, and from _ hourly 
bathythermograph observations made on both 
ships. As a check on the computed water veloci- 
ties, R? vs. D? plots were made to confirm the 
ratio of horizontal to vertical velocity (Ewing, 
Worzel, Hersey, Press, and Hamilton, 1950). 


WESTERN ATLANTIC OCEAN BASINS 


Several seismic-refraction studies have es- 
tablished that at many stations in typical 
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deeper parts of ocean basins the crustal thick- 
ness is less than one-fifth that usually found in 
continents (Ewing et al., 1954; Hersey e¢ al., 
1952; Katz and Ewing, 1956; Raitt, 1956). A 
similar conclusion about oceanic crustal struc- 
ture has been reached from studies of earth- 
quake surface-wave dispersion, (Ewing and 
Press, 1952; Jardetzky and Press, 1953). A 
section representing the average of the results 
from 23 seismic-refraction stations (none of 
which is within 100 miles of shallow water) be- 
tween North America and the Mid-Atlantic 
Ridge! shows the following: 
5.15 km of water 
1.49 km of sediment, velocity 1.7 to 4.5 
km/sec 
4.02 km of “oceanic-layer” rocks, mean 
velocity 6.53 km/sec 
Subcrustal or mantle rock, mean. velocity 
7.95 km/sec 
Although the values for the oceanic-layer 
velocity ranged between 5.50 and 7.08 km/sec, 
80 per cent of them are in the range 6.36 to 
6.88 km/sec. The range of values for mantle 
velocity is 7.68 to 8.50 km/sec, and of these 
80 per cent are between 7.81 and 8.08 km/sec. 
The work reported here includes 24 ocean- 
basin stations west of the Mid-Atlantic Ridge 
(Fig. 1). The travel-time graph and structure 
section for each station are shown. For con- 
venience of discussion the receiving position 
on the left in each travel-time graph is de- 
signated A, and the one on the right is 
designated B. The symbols used in the structure 
sections are intended to represent velocity 
ranges rather than rock or sediment types 
since there is seldom opportunity to compare 
the seismic measurements with known geology. 
Table 1 gives the location of all receiving 
positions, the velocity of sound in each layer, 
and the average layer thicknesses, Sample 
records are shown in Plates 1 and 2. 


Station G-3 (Pl. 3) 


This station is about 160 miles northeast of 
Bermuda. The bottom was almost flat at a depth 
of 2750 fathoms (5.02 km). At a depth of approxi- 
mately 1.2 km below the ocean floor, a refracting 
crustal layer, called the oceanic layer in this paper, 
was found (velocity 6.93 km/sec). The depth to 
this layer was calculated using a velocity of 1.70 
km/sec for the overlying sediments. In the A pro- 
file, a subcrustal layer was found with an apparent 
velocity of 7.86 km/sec. Although no long-range 
shots were received at B, a line (dashed) reversing 
the subcrustal line of the A profile was drawn to 


1 These values are taken from Officer e¢ al. (1952), 
Ewing et al. (1954), and Katz and Ewing (1956). 
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pass through the last point in the B profile. This 
determines a minimum velocity of 7.84 km/sec 
for the subcrust and a minimum thickness (aver- 
age) of 4.08 km for the oceanic layer. 

The velocity in the sediments is not well deter- 
mined by the refraction data, although in each 
on profile there is a ground-wave arrival just preceding 
, 2 the R, arrival at a D range of about 16 seconds. 
ie On the assumption that these arrivals propagated 

through the topmost sedimentary layer, it indi- 

x cates a velocity of about 1.7 km/sec. In the B 

ie profile, distinct sub-bottom reflections were re- 
ceived which determine a pair of hyperbolic curves 
on the travel-time graph with intercepts of 0.6 
and 1.3 seconds above the R; intercept. These cor- 


FicureE 


respond to reflecting horizons whose depths be- 
neath the ocean floor are 0.3 V; and 0.3 V; + 
0.3 V2, where V; is the average vertical velocity in 
the top layer, and V2 is the average velocity in the 
second layer. Possibly the later reflection is a 
multiple of the first (7.e., reflected twice through 
the upper layer), although this is very doubtful in 
view of the relative strength of the signals; the 
second is stronger than the first. The deeper re- 
flector may be the top of the oceanic layer, which 
is determined by the refraction lines G. = D/4.49 
+ 7.64 in the A profile and G,. = D/4.63 + 7.90 
in the B profile. This would mean, however, that 
the refraction line should be tangent to the sub- 
bottom reflection curve. This conditoin is approxi- 
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mately satisfied here, and, if this were the only 
station to be considered in this respect, the devia- 
tion from tangency would probably be considered 
as experimental error. However, other stations to 
be discussed in this report have better control, and 
in every instance, the strong sub-bottom reflections, 
when observed, come from a horizon above the 
oceanic layer as determined by the refracted ar- 
rivals—t.e., the sub-bottom reflection curve is cut 
by the extended line of refracted arrivals from the 
oceanic layer. 

Sub-bottom reflections are also seen in the A 
profile but are difficult to pick accurately, because 
of overloading of the low-frequency channels by 
the R, arrivals. The points shown on the travel- 


time graph in that profile result from measuring 
the R»’-R» interval (sub-bottom reflection delay 
following the second bottom-reflected arrival) and 
applying it as R,’—R; at approximately half the 
range. It is frequently possible to see the sub- 
bottom reflection clearly following R2 when high- 
gain levels have caused it to be obscured by over- 
loading following 


Station G-4 (Pl. 3) 


This station is about 500 miles northeast of 
Puerto Rico in a depth of 3100 fm (5.67 km). The 
bottom was quite rough along the shot lines, and 
the arrival times of the ground waves have been 
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EWING AND EWING—SEISMIC-REFRACTION MEASUREMENTS 


TABLE 1.—LocaTION oF STATIONS, SEISMIC VELOCITIES, AND LAYER THICKNESSES 


LOCATION OF STATION 


> 


Lat, ~ Long, Lat. 


63° 18'W 34° 48'N 
58° 33'W 23° 40'N 
56° S4'w 17° 40'N 
67° 26'w 25° 39'N 
69° O7'w 24° 28'N 
70° 27'w 26° 25'N 
71° 26° OS'N 
72° - 
47° 39'w 
53° Ol'Ww 32° 
57° 5S'W 32° 52'N 
43° 19'W 55° 12'N 
73° 24'w - 
66° OS'w 38° O7'N 
66° 08'w 37° 0O'N 
65° - 
64° 28'W - 
64° - 
64° 12'W - 
75° 44'w 29° 40'N 
59° 58'W 41° 20'N 
57° 59'W - 
63° 06'W - 
69° 40'W - 
40° 49'N 19° Ol'W 40° 18'N 
41° 10'N 16° Ol'w 41° 39'N 
45° 52'N 15° 23'w 46° 25'N 
46° 57'N 09° 25'w 46° 50'N 
31° 55'N 23° O2'w - 
32° 49'N 18° 58'wW 32° 
33° 44'N 20° OO'E - 
36° 29'N 16° 25'E - 
39° O4'N 36'E - 
41° 05° 5S2'E - 
35° Ol* 58'W - 


34° 46'w 32° 50'N 
41° 04'W 32° 52'N 
40° O4'w 

37° 16'W - 

39° 13' 

27° Si'w 

39° 25'W 38° 45'N 
37° 40'w 39° 10'N 
35° 40'W 38° 40'N 
34° SS'w 38° 40'N 
31° 45'w 38° 20'N 
29° 20'W 37° 40'N 
26° 00'w 35° 00'N 
32° 30'w 52° 44'N 
32° 16'W 59° 14'N 
29° O7'W 61° 30'N 
22° 54'W 59° 45'N 
21° 15'w 54° 34'N 


67° 32'N 00° 21'w 68° O7'N 
69° 38'N 02° 26'E 69° O7'N 
73° 47'N 10° 03'w 73° 28'N 
71° 38'N 05° 36'E 72° O7'N 
73° 2)'N 09° 72° 


54° 59'N 14° O6'W - 

58° 15'N 10° 33'w - 

59° 48'N 07° O9'W 59° 56'N 
57° O7'N O1* SITE 57° 04'N 
57° O4'N 25'E 57° 00'N 
55° 27'N 02° 2I'E 55° 16'N 
73° 1S'E 73° 48'N 
64° 55'N 05° 19'E 65° 14'N 


37° 46'N 73° 30'w 38° 21'N 
44° 47° SI'W 
42° 32'N 49° 25'W 
44° 48° 26'W 44° 31'N 


VELOCITIES (km/sec) 
High 
Sediments Velocity Rocks 
Long. 1 2 1 2 3 
WESTERN OCEAN BASINS 
62° 46'w 1,70 6.93 7,84 
58° S7'wW 6,60 8,14 
57° Sl'w 6.82 8,23 
67° 45'wW 6.57 8,29 
69° 24'W 6,76 8,04 
69° SI'W 6.90 8,14 
72° 6.85 8,32 
- 6,58* 7,75* 
- 6,62* 7,94* 
53° Sl'w 6,82 8,25 
57° 6.85 8,06 
42° 30'w 6.94 (8,00) 
- 6.59% 
66° 16'W 6,62 7,70 
65° 57'w 6,82 - 
- 6,66 (8,00) 
- 6,65 - 
- 6,21* 8,10* 
- 6,63* - 
75° 3il'w 3,05* 6.81 8,12 
59° 16'W 3.97 6.69 8,22 
(6,50) - 
- (1, 80) (6,50) - 
(1, 80) (5,00) - 
EASTERN OCEAN BASINS 
18° 54'W (1. 73) 6.46 7,68 
16° 03'W (1. 74) 6,28 7.77 
15° 19'w (1, 72) 6.26 7,65 
10° 17w Q.7) 2,24* 6.14 7,77 
- (1. 71) 6,49* 8,04* 
18° 55'wW (1, 69) 6,64 
MEDITERRANEAN SEA 
- (1.71) 4,80 - 
a, 71) 4,208 - 
- (1, 72) 4.9-5,7 
- (1.71) (6,50) - 
- 71) - 6,08 - 
MID-ATLANTIC RIDGE 
34° 04'wW (1.71) 5.01* 7,21 - 
41° 35'wW (1,71) 4.97% 7,27 
- (1,72) 5.38* 7,42* - 
- (1.72) (4,55) 6,26" 
(1, 70) 5.23" - 
(1, 70) 6,08* 
38° 40'W (1, 80) 5.49 - 8. 
36° 35'W (1, 80) 6,10 - 8,00 
Se {1, 80) 4,31 - 791 
34° 20'w > 4,04 7,30 - 
31° OS'w (1, 80) 4.86 7,24 - 
28° 55'W 3,15 5,42 - 
26° OS'w (180) 4.47 6,21 7.97 
33° 42'wW (1,72) - 7.36 
31° 38'W (1, 70) 5,60 7,24 - 
28° 28'w (1, 75) 5.83 7,63 - 
22° 45'wW (1,72) 1.94 5.71 7,47 
21° 23'w 1,81* 2,79 5.80 7,43 - 
64° 29'w - - 4,04 5.36 - - 
NORWEGIAN AND GREENLAND SEAS 
(1,70) 1,87 5.36 - 8,04 
03° 45'E 1,80 2,00 5.37 6,94 
08° 37'w (1, 72) 5.06 7,38 ~ 
04° 44'E (1,70) 2,01 3,60 5.26 7,69 - 
10° 1.79% 23 4.96 7,55 - 


CONTINENTAL SHELF OF BRITAIN AND NORWAY 


- (1.71) 2,65* 3,22% 6.96% 

(1.71) 2,08* - 
06° 29'w 1,73* 2,24* 4,91 
25'E 1.71 2,26 4.96 
00° 1,71 2,26 4,85 
02° 19'E 1.73 2,03 3,00 (4, 90) - 
16° (1, 77) 3.56 5,11 
04° 35'E 1,66 2,08 3,44 4,01* - 


CONTINENTAL MARGIN OF NORTH AMERICA 


72° Sé'w (1,68) 2,54 4,12 5.46 7,13 
- 2,04* 3,326 - 6,228 
- (1,70) 2,46* 3,80* 5.80% - 

48° 4l'w (1,70) 2,66 4,28 5,69 - 


A - Receiving position on left of travel-time graphs 
B - Receiving position on right of travel-time graphs 


THICKNESSES (kn) 


Sediments 
T z 3 Rocks 
1,15 4.08 
0,63 5.05 
6,68 
0.19 0,60 5.98 
0.87 5415 
0.35 1,08 6.28 
0,42 97 6.19 
1.34 5.72 
0,56 3.0 
0,89 3.65 
1,17 4.73 
1,06 5.50 
2.36 
0.48 «(1,41 4,35 
0.44 1,09 
1,45 5,48 
1,76 
0,71 4,41 
0,77 
0.27 0.90 2.36 67 
0.33 1.79 3,43 5,28 
1,23 
0,71 - 
2.57 
0,86 431 
0,88 3,81 
0,89 3,62 
1,17 0,50 6.49 
1,10 4,61 
1,50 - 
- 
0,34 
0,87 
1, 30 4,39 
2.05 - 
0.39 3,12 
0.56 2,09 
0,22 3,33 
0,31 116 
0,22 
0,52 - 
0.50 4,60 
0,80 2,43 
0,36 2.79 
2,72 
0,58 1,77 
- 1, 66 - 
0,09 5.25 
0,78 - 
0,38 2,87 
0,39 4,32 
0.19 40,82 2,84 
0,87 1,24 4,10 
- 2.68 - 
0.14 0,76 2,76 
0.43 0,63 3,01 
0,49 3,04 
0.23 0.49 1,38 2.56 
0.57 0.95 2,40 
0,42 1,42 3.55 - 
0.14 2,48 - 
0.25 1,56 
0,61 2,64 - 
0,54 2,58 - 
0.39 0,54 3,40 
0,70 1,88 
0.36 1,78 2,12 - 


0,08 1,50 2,90 - 
0,62 2,02 1,06 ° 
0.49 «2,14 2,31 


* Unreversed measurement 
() Assumed velocity 


Suton Depth 
Depth 
G-3 
G-4 5.01 
G-5 5.65 
5.49 
5.49 
G-lz 5.76 
6-13 5.49 
G-l4 
5.06 
4.36 
5.40 
4,87 
A-156=28 
A-173-4 
A-157-29 
A-157-30 
A-157-31 4,85 
A-157-32 
A«157-33 5,02 
5.05 
4,57 
A-150-4 
A-150-5 
A-150-6 
3,49 
E-7 
5.49 
4.85 
D-12 
D-5 4.50 
5.17 
3,45 
D-8 
2,42 
D-10 
D-ll 3.43 
2.50 
2,01 | 
D-13 32° 50'N 
D-l4 32° 52'N 
D-3 30° 27'N 
D-4 30° 31'N 
A-152-17 40° 42'N 
A-180-1 38° 45'N 
A-180-2 39° OS'N 
A-180-3 38° 50'N 
A-180-4 38° 40'N 
A-180-5 38° OS'N 
A-180-6 37° 45'N 
A-180-7 35° 35'N pss 
F-10 52° 43'N 
E-3 58° 45'N ar 
E-4 61° 03'N 
E-5 60° 14'N an 
E-6 54° 
A-173-5 32° 46'N 31'W 32° 30'N 
2,22 
F-9 
3,37 
3,18 
3,05 
2.96 
2.27 
E-10 
2.75 
E-i2 1,95 
0.55 
E-14 0,09 
E-15 0,09 
F-3 0,04 
0,42 
0, 64 
G-l6 
2.45 
2.39 


Velocity 
Rocks 
4.08 | 
5.05 
6, 68 
5.98 
5.15 | 
6,28 
6.19 
5,72 
3.0 
3.65 
4,73 
5.50 : 7 
4,35 
5.48 | 
4,41 | 
6,71 
5,25 
43 
3,81 
3.62 
6.49 
4.61 
4,39 
3,12 
209 
633 
+16 
60 
43 
279 
272 
025 
84 | 
10 | | 
76 : 
04 
56 
40 
0 | 
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corrected for the topographic irregularities, assum- 
ing that the oceanic layer has comparable relief. 

The velocity in the sediments (not measured) 
was assumed to be 1.70 km/sec. On this basis, the 
average sedimentary thickness was computed to be 
0.63 km. The oceanic layer has a velocity of 6.60 
km/sec and an average thickness of 5.05 km. The 
velocity of 8.14 km/sec shown for the subcrust 
was not well determined, because of an insuffi- 
cient number of shots at long range. 

No persistent sub-bottom reflections were ob- 
served here, undoubtedly in part because of the 
irregularities in the bottom. These produce pro- 
longed R, arrivals which obscure possible reflections 
from a deeper horizon. 


Station G-5 (Pl. 3) 


This station is about 250 miles northeast of 
Martinique in about 3000 fathoms of water. The 
bottom was fairly rough, necessitating topographic 


' corrections of up to 0.25 sec on some arrival times. 


The velocity in the sediments was assumed to be 
1.72 km/sec, and the average thickness was cal- 
culated to be 0.75 km. The velocity in the oceanic 
layer is 6.82 km/sec, and the average thickness is 
about 6.7 km. The thickness of the oceanic layer 
and the velocity in the subcrust (8.23 km/sec) 
are inaccurately determined as a result of insufficient 
shots at long range. 

No sub-bottom reflections were seen at this sta- 
tion. 


Station G-10 (Pl. 3) 

This station is just north of the abyssal plain in 
the Nares Basin, about 450 miles due north of 
Mona Passage. The average water depth along the 
shot lines was 3000 fathoms (5.49 km) with varia- 
tions up to 200 fathoms. 

The velocity 1.70 km/sec was assumed for the 
topmost layer of sediments. A layer of semicon- 
solidated sediments (velocity 2.46 km/sec) was 
clearly determined in the B profile by the line G2 = 
5.85 + D/1.60, and a corresponding line was as- 
sumed in the A profile. It is not unusual for a long 
refraction station to show sedimentary arrivals such 
as these—clearly observed at one receiving posi- 
tion and very poorly or not at all at the other. 
This may be the result of horizontal gradients or 
velocity changes in the sediments or of the pinch- 
ing out of the refracting layers in the sedimentary 


, column. An explanation believed to be more likely, 


however, is that, in the areas of good sedimentary 
refractions, the transition from a lower to a higher 
velocity is sharp, whereas it is more gradual in the 
other areas. Of equal importance is the character of 
the boundary between the two media; a smooth 
boundary obviously is more efficient than a rough 
one. These arguments also apply in the considera- 
tion of sub-bottom reflections. 

The oceanic-layer and mantle velocities are well 
determined to be 6.57 and 8.29 km/sec respectively. 
A considerable amount of relief in the oceanic 
layer is indicated in the area around 17 seconds 


_ from B, where the points fall below the line by as 
' much as 0.3 sec. This represents a rise in the refract- 


ing interface on the order of 0.5 km above the 


| mean level. The feature is not seen in the A pro- 
file, probably because of the wide shot spacing in 
; that portion of the track. 


The lines G, = D/2.37 + 7.58 in the A profile 
and G, = D/2.36 + 7.50 in the B profile are de- 
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termined by strong second arrivals which are 
identified as transformed shear waves travelling 
horizontally in the oceanic layer. These, with re- 
flected-refracted and doubly refracted arrivals, 
have been described in earlier papers (Ewing et al. 
1954) and are discussed in some detail in this re- 
port. 

Some sub-bottom reflections were observed at A, 
but the irregular bottom topography complicates 
and prolongs R; to such an extent that the deeper 
reflections are uncertain. 


Station G-11 (Pl. 3) 


This station is on the abyssal plain in the Nares 
Basin about 330 miles north of the eastern end of 
Hispaniola. The average water depth was 3120 
fathoms (5.70 km). 

The A profile produced very good records in 
which a number of secondary phases could be read 
in addition to the first arrivals. These are identified 
as transformed shear waves travelling in the oceanic 
layer and as reflected-refracted and doubly re- 
fracted arrivals from that layer. The shear waves 
determine the line G, = D/2.63 + 8.90; the re- 
flected-refracted arrivals determine the line R:G; = 
D/4.52 + 15.80; and the doubly refracted arrivals 
determine the line G22 = D/4.52 + 16.95. These 
phases are discussed in another section of this re- 
port. The records in the B profile were made at low 
gain and did not show these secondary phases. 

Strong sub-bottom reflections were seen in both 
profiles. These determine reflection hyperbolas 
which intercept the time axes above R,; by 0.9 sec 
at A and 0.6 sec at B. In both profiles, the sub- 
bottom reflection curves are cut by the extended 
refraction lines representing the oceanic layer, indi- 
cating that the reflecting horizon is above that 
layer. 

The structure section shows that the average 
thickness of sediments is 0.87 km, calculated for an 
assumed velocity of 1.71 km/sec. The oceanic-layer 
velocity is 6.76 km/sec, and the velocity in the 
mantle, determined primarily by the A profile, is 
8.04 km/sec. The average thickness of the oceanic 
layer is 5.15 km. 

To illustrate the correlation of the various phases 
from shot to shot, one low-frequency trace from 
each seismogram of the A profile has been repro- 
duced on a common time scale in Plate 1, with 
trace spacing proportionate to shot distance. All 
except the last four are low-sensitivity traces and 
do not show some of the arrivals distinctly—the 
shear waves for example. All arrivals can be picked 
with much more certainty when all the traces, 
which have a variety of filter settings and sensi- 
tivities, are utilized. 


Station G-12 (Pl. 3) 

This station is on the abyssal plain of the Nares 
Basin about 100 miles northwest of station G-11. 
The water depth was 3000 fathoms (5.49 km). 

Both profiles produced reflected-refracted and 
doubly refracted arrivals, and in addition the A 
profile showed transformed shear waves for several 
of the shots determining the line G, = D/2.60 + 
8.62. Prominent sub-bottom reflections are seen in 
both profiles, determining reflection hyperbolas 
which intercept the time axes above R; by 1.0 
sec at A and 0.9 sec at B. 

A value of 1.71 km/sec was assumed for the 
velocity in the unconsolidated sediments. In pro- 
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file B, three distinct arrivals (one almost coincident 
with R) were received. These determine a refracting 
layer with an apparent velocity of 2.03 km/sec 
lying at a depth of 0.35 km beneath the ocean 
floor. The A records, which consistently had a 
higher sensitivity than the B records, did not show 
these arrivals. This again demonstrates the incon- 
sistency of refractions in the sedimentary column. 
As at station G-10, the semiconsolidated sediments 
here (2.03 km/sec layer) are assumed to be present 
at A, even though not detected, and the average 
thickness is calculated to be 1.08 km. The velocity 
in the oceanic layer is 6.90 km/sec, and the ap- 
parent velocity in the mantle determined by the A 
profile is 8.12 km/sec. 


Station G-13 (Pl. 3) 

This station is about 350 miles north of Haiti and 
about 100 miles west of G-12, The water depth 
ranged from 2990 fathoms (5.46 km) at the south 
end to 2950 fathoms (5.40 km) at the north end of 
the shot lines. 

This is one of the clearest and most detailed 
deep-sea refraction stations known. The structure 
is typically oceanic. The sedimentary column con- 
sists of 0.42 km of unconsolidated material (as- 
sumed velocity 1.70 km/sec) overlying a semi- 
consolidated layer which has a velocity of 1.99 
km/sec and an average thickness of 0.97 km. Here, 
the semiconsolidated sediments are clearly deter- 
mined at both ends of the station. The velocity in 
the oceanic layer is 6.85 km/sec, and its average 
thickness is 6.19 km. The velocity in the mantle is 
8.32 km/sec. 

Reflected-refracted and doubly refracted arrivals 
from the oceanic layer are seen in both profiles, 
determining the lines R,G; and G;. In the B profile, 
still later arrivals are seen which correspond ap- 
proximately to travel times involving one reflection 
and two refractions and triple refractions. On the 
longer shots, these two phases cannot be sepa- 
rated, and the points on the travel-time graph 
roughly show the arrival times of maximum energy. 

Reflected-refracted and doubly refracted arrivals 
are also seen for the layer of semiconsolidated 
sediment. These are labeled R:G2 and G,? respec- 
tively on the travel-time graph. Since the range of 
observation of these phases is short, only one or 
two arrivals are seen for each. However, the arrivals 
are very strong and distinct, and there is little 
doubt that they are correctly interpreted. 

Strong sub-bottom reflections are seen in both 
profiles, indicating a reflecting horizon above the 
oceanic layer. 

The longest shots of this station clearly show 
the constant frequency Ry» arrivals reported by 
Hersey ef al. (1952), Katz and Ewing (1956), and 
Officer (1955). The arrivals here have a frequency 
of 63 cycles per second. 

No transformed shear waves were observed at 
this station. 


Station G-14 (Pl. 3) 


This station is about 230 miles northeast of 
Eleuthera Island at 2760 fathoms (5.06 km) water 
depth. No reverse profile was shot, so the velocities 
are apparent, and the layer thicknesses were cal- 
culated assuming no component of dip in the 
direction of the shot line. 


The refraction data show that the structure 


consists of 1.34 km of unconsolidated sediment 
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(assumed velocity 1.71 km/sec) overlying the 
oceanic layer, which is 5.72 km thick and has ap 
apparent velocity of 6.58 km/sec. The velocity 
determined for the layer beneath the oceanic layer 
is 7.75 km/sec, which is low for mantle velocity, 
The discrepancy could be due to slope in the layer 
or simply to the fact that the station was not long 
enough for an accurate velocity determination. 
An unusually strong set of sub-bottom reflections 
was recorded at this station, again showing that 
the reflecting horizon is above the oceanic layer, 
These arrivals determine the R;’ curve from the 
once-reflected signals and the Re’ and Re” curves 
from the twice-reflected signals. Also observed on 
some shots were reflected-refracted and doubly 
and triply refracted arrivals from the oceanic 
layer. These determine the lines G., G3, 
respectively, on the travel-time graph. 


Station D-2 (Pl. 3) 


This station is west of the Mid-Atlantic Ridge 
at Lat. 30.5°N. on a 2400-fathom terracelike feature 
which forms the first approach to the ridge. No re- 
verse profile was obtained, but, since the topogra- 
phy was generally flat along the shooting track, 
it is probable that no serious error in determining 
the velocities was introduced by slope in the layers. 

The approximate depth to the oceanic layer was 
computed to be 0.56 km by assuming that the 
entire sedimentary column was unconsolidated and 
has a velocity of 1.72 km/sec. The oceanic layer has 
an apparent velocity of 6.62 km/sec and a thickness 
of approximately 3.11 km. The apparent velocity 
in the mantle is 7.94 km/sec. 


Station D-15 (Pl. 3) 


This is a reversed station in the North American 
Basin east of Bermuda at a water depth of about 
2950 fathoms (5.40 km). Oceanic layer and mantle 
velocities are 6.82 and 8.25 km/sec respectively. 
The average thickness of overlying sediments is 
computed to be 0.89 km for an assumed velocity 
of 1.71 km/sec. The average thickness of the 
oceanic layer is 3.65 km. 


Station D-16 (Pl. 3) 


This station is also in the North American Basin 
about 200 miles west of station D-15. The actual 
topographic profile here is approximated by a line 
sloping from 2450 fathoms (4.50 km) at A to 2825 
fathoms (5.23 km) at B. The ground-wave arrival 
times were corrected to this datum plane, and a 
satisfactory alignment of the points on the travel- 
time graph was obtained. Oceanic layer and mantle 
velocities are 6.85 and 8.06 km/sec respectively. 
The sediments were assumed to have a velocity of 
1.71 km/sec, from which the average thickness was 
computed to be 1.17 km. The average thickness of 
the oceanic layer is 4.73 km. 


Station F-1 (Pl. 3) 


The shot lines were run over a fairly level 
bottom in the northern edge of the Labrador 
Basin; the water depth was about 1850 fathoms 
(3.39 km). All shots of sufficient range produced 
good arrivals through the oceanic layer, determin- 
ing a velocity of 6.94 km/sec. No mantle arrivals 
were obtained, and the minimum thickness of the 
oceanic layer is 5.50 km. 

No sedimentary arrivals were obtained, but the 
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sedimentary layer was computed as 1.06 km using 
an assumed velocity of 1.70 km/sec. 

The line in the A profile, G, = D/2.46 + 5.40, 
is determined by prominent arrivals identified as 
shear waves which have been transformed from 
compressional waves apparently near the base of 
the sedimentary layer. Some of these arrivals, 
labeled “S’’, are illustrated in Plate 2. There are 
indications of shear waves also in the B profile, 
but they could not be picked accurately, because 
all records received at B are comparatively weak. 
Station A-156-28 (Pl. 3) 

This unreversed whaleboat profile shows typical 
velocities 1.74 and 6.59 km/sec for the sedimentary 
and oceanic layers but was slightly too short to 
give data for the mantle. The great thickness of 
the sediment layer, 2.4 km, is attributed to prox- 
imity to the continental rise. 

Station A-173-4 (Pl. 3) 

This station is about 270 miles southeast of 
Cape Cod near the foot of the continental rise in 
2590 fathoms (4.73 km) water depth. The uncon- 
solidated sediments, 1.70 km/sec assumed velocity, 
are 0.5 km thick and overlie a 1.4 km-thick layer 
of semiconsolidated sediment, velocity 1.88 km/sec. 
The oceanic layer, velocity 6.62 km/sec, is 4.35 km 
thick. The deepest refracting layer is at a depth of 
about 10.8 km and has a velocity of 7.70 km/sec. 
Although the depth to this layer is very near that 
at which the mantle is usually found in ocean-basin 
areas, the velocity is significantly lower than stand- 
ard mantle velocity. Other stations in this general 
area which have shown a subnormal velocity at 
about normal mantle depth are A-164-24, A-179-11, 
A-179-12 (Katz and Ewing, 1956), and A-172-29 
(Ewing ef al., 1954). 

Station A-157 - C-10-29 (Pl. 3) 


This station, in 2760 fathoms (5.05 km) about 
300 miles north-northwest of Bermuda, shows 
standard velocities 1.62 to 1.82 km/sec for the 
sedimentary layer (2.1 km thick) and 6.82 km/sec 
for the oceanic layer. The station did not have 
long-range shots for detection of the mantle (as- 
sumed velocity 8.03 km/sec) but gives a minimum 
thickness of 4.6 km for the oceanic layer. 


Station A-157 - C-10-30 (Pl. 3) 

This is an end-to-end station about, 70 miles 
south-southeast of A-157-29 in 2650 fathoms (4.85 
km) water depth. A layer of sediments 1.5 km thick 
with an assumed velocity of 1.80 km/sec is under- 
lain by the oceanic layer (velocity 6.6 km/sec). 
The minimum thickness of the oceanic layer is 
computed to be 6.75 km, assuming it to be under- 
lain by the mantle with a velocity of 8.0 km/sec. 

The accuracy of these measurements is consider- 
ably reduced by indeterminable firing delays? at 
two of the shot points. 

Station A-157 - C-10-31 (Pl. 3) 

This unreversed profile, about 60 miles east- 
southeast of A-157-30, showed 1.7 km of sediment, 
assumed velocity 1.80 km/sec, overlying the oceanic 
layer, velocity 6.65 km/sec. 

Sedimentary arrivals are present, but confused. 


* At stations A-157-29 through A-157-33, the 
charges were fired with electric blasting caps. 
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Station A-157 - C-10-32 (Pl. 3) 

This is an unreversed profile about 20 miles 
north of A-157-31. The oceanic layer (velocity 
6.21 km/sec) is overlain by 0.71 km of sediment 
(assumed velocity 1.80 km/sec). An apparent 
velocity of 8.1 km/sec determined by the two 
longest shots is identified as the mantle. The oceanic 
layer is 4.41 km thick. 

Station A-157 - C-10-33 (Pl. 3) 

This is an unreversed profile a few miles north- 
east of A-157-32 showing 0.71 km of sediment 
(assumed velocity 1.80 km/sec) overlying the 
oceanic layer (velocity 6.63 km/sec). 

The sediments thin almost 1 km from stations 
A-157-29, 30, and 31 to stations A-157-32 and 33. 
This suggests that there is an appreciable amount 
of relief on the top of the oceanic layer, which, 
because of sedimentary filling, is not expressed in 
the ocean-bottom topography. Other good examples 
of buried relief are shown in stations E-5, F-9, 


and G-10. 


Station G-15 (PI. 3) 


This station is just off the Blake Plateau at 
about the latitude of Jacksonville, Florida. The 
water depth ranged from 2340 fathoms (4.29 km) 
at A to 2660 fathoms (4.87 km) at B. There was 
very little topographic variation other than the 
general slope. 

A layer of semiconsolidated sediments (velocity 
1.98 km/sec) was clearly detected at both receiving 
positions. This layer is overlain by 0.47 km of 
unconsolidated sediments (assumed velocity 1.73 
km/sec) at A and by 0.07 km at B. A deeper sedi- 
mentary layer is indicated at A, both by refraction 
and reflection data, in which the apparent velocity 
is 3.05 km/sec. Although this layer was not seen 
in the B profile, it was assumed in the calculations 
since the records there were fairly weak, and the 
signals (judging by the A profile) were not strong. 
Station A-164-15 (Katz and Ewing, 1956), located 
at almost the same position as receiving position B 
here, also fails to show the 3.05 km/sec layer, but 
those records also are weaker than the records 
made at A in this station. Additional evidence for 
a high-velocity sediment here comes from stations 
A-164-13 and -14, (Katz and Ewing, 1956), about 
80 miles to the east, which show a layer 1.5 km 
thick with a velocity of 2.5 km/sec, underlying the 
unconsolidated sediments. 

Oceanic-layer and mantle velocities are 6.81 and 
8.12 km/sec respectively. An oceanic-layer velocity 
(unreversed) of 6.73 km/sec is reported for Station 
A-164-15, and mantle velocity was not determined. 

A few strong arrivals were recorded at A which 
can be identified only as transformed shear waves 
traveling in the oceanic layer. These determine the 
line G, = D/2.70 + 9.20 on the travel-time graph. 


Station E-1 (Pl. 3) 


This station is about 160 miles directly south of 
Sable Island near the 2600-fm curve (4.79 km). The 
reception was good throughout the 4 profile, but 
several records were lost in the B profile because of 
equipment failure, and none of the four good 
records had time breaks. However, the bottom 
topography was flat enough that the method of 
recovering time breaks from the D-R,-R, intervals 
(Ewing, Worzel, Hersey, Press, and Hamilton, 
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1950), in conjunction with the ship’s navigation, 
provides a usable reverse for the A profile. 

The structure section shows five layers in the 
ocean floor: unconsolidated sediments {1.83 km/sec), 
semiconsolidated sediments (2.05 km/sec), con- 
solidated sediments (3.97 km/sec), oceanic layer 
(6.69 km/sec), and mantle (8.22 km/sec). These 
results agree very closely with the seaward end of 
the Grand Banks profile (Bentley and Worzel, 1956), 
the end point of which is about 160 miles east of 
this station at about the same water depth. Similar 
results were obtained from the Halifax section 
(Officer and Ewing, 1954), although the seaward 
end of that profile shows no semiconsolidated or 
consolidated sediments. 

The great thickness of the sedimentary layers 
and the increased depth to mantle found at this 
station are common as one approaches the conti- 
nental boundary from the sea. 


Station A-150-4, 5, and 6 (PI. 3) 


These are three short whaleboat stations, each 
of which produced only one record of a ground wave. 
The sedimentary thicknesses for these stations are 
listed in Table 1 but were not included in the 
average for the ocean-basin stations. The thick- 
nesses were computed by assuming velocities 
(governed by the values measured at the closest 
standard station) for the sediments and for the 
subsedimentary layer. 


DISCUSSION OF RESULTS: The measurements 
at 21 of the ocean-basin stations in the Western 
North Atlantic reported in this paper give the 
following average values: 


No. of 
Measure- 
Km ments 
Water depth 21 
Thickness of sediments, 1.07 a7” 
Depth to oceanic layer 6.15 a7 
Velocity (km/sec) in oceanic 6.71 21 
layer 
Thickness of oceanic layer 5.16 15 
Depth to mantle 11.25 15 
Velocity (km/sec) in mantle 8.08 15 


* Stations G-15, A-156-28, and A-173-4 were not 
used in determining average sediment thickness or 
depth to the oceanic layer because of their location 
on the continental rise. 


There is good overall agreement between 
these and the earlier results in ocean basins 
reported by Officer et al. (1952), Ewing et al. 
(1954), Katz and Ewing (1956), Hersey et al. 
(1952), Hill (1952), Gaskell and Swallow (1951; 
1952; 1952), and Raitt (1956). From the study 
of sub-bottom reflections (Hill, 1952; Officer, 
1955; Nafe and Ewing, unpublished), and from 
laboratory experiments (Laughton, 1954), it is 
evident that velocity usually increases with 
depth in the sediments. For this reason, the 


sediment thickness at many stations, particu. 
larly where the velocity was assumed, may 
need revision upward. However, there is also 
good evidence that, because of the possible 
presence of a masked intermediate-velocity 
layer or because of a velocity gradient in the 
oceanic layer, part of the geologic column 
computed with sediment velocity is actually 
high-velocity rock. In this sense, the listed 
sediment thickness is excessive. Therefore jt 
appears that about 1 km average thickness js 
as accurate a number as can be given until 
more precise determinations are made by 
measuring directly on the sea floor where the 
water waves will not mask the early refracted 
arrivals. 

In Plate 1, one low-frequency trace from 
each of the seismograms of station G-11A is 
reproduced on a common time scale, and spaced 
according to shot distances, to demonstrate 
the correlations involved in identifying any 
given arrival over a range of distances. The 
phases of interest are labeled on the diagram. 

The multiple phases R; G and G2 have been 
discussed in earlier papers (e.g., Ewing, Sutton, 
and Officer, 1954). The R; G phase has the same 
apparent velocity as G and is delayed by the 
time required by the simple geometrical theory, 
approximating that for one reflection from the 
ocean bottom. The G? phase is simply a multi- 
ple refraction, hence has the same apparent 
velocity and twice the time intercept of G. 
These phases are generally strong when all 
refracting layers are nearly horizontal. Al- 
though some conclusions may be drawn from 
these phases, the principal reason for studying 
them is that they sometimes tend to obscure 
more important ones, which may be identified 
more readily if the multiples are understood. 

Shear waves, propagated through the oceanic 
layer, have been identified at seven of the 
stations reported here, and in some cases their 
amplitude is large compared to that of all 
other refracted phases. At nine stations the 
shear waves are judged to be present but are 
not shown on the travel-time curves because 
they are seen on only a few records. At 17 
stations they are either absent or too weak to 
be identified, while at the remainder of the 
stations the data are inadequate or too com- 
plicated to indicate presence or absence of the 
shear waves. Many in the latter group are 
shallow-water stations at which shear waves 
would be difficult to identify because of nu- 
merous multiple-refracted phases. 

The marked variation in intensity of the 
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shear waves merits further study. At present 
no correlation with other observed factors, 
such as geographical location, sediment type, 
or topographic province, has been found. 
Neighboring stations, apparently similar in all 
other respects, may differ radically in shear- 
wave transmission. 

Identification of a given arrival as a shear 
wave depends on the time intercept and appar- 
ent velocity attributed to the arrival on the 
travel-time curve. The velocity is approxi- 
mately 1/+/3 times the observed compressional 
wave velocity in the same layer, and the time 
intercept agrees approximately with the theo- 
retical intercept computed for arrivals which 
have been transformed from compressional to 
shear waves at the depth of the sediment-rock 
interface. Sample records of shear waves 
obtained at station G-11 and station F-1 are 
illustrated in Plates 1 and 2. 

It is difficult to demonstrate how much of 
the scatter in the velocity is real and how much 
is experimental error. The mean of the ob- 
served values reported here gives V,/V, = 
1.80, and 80 per cent of the values are included 
between 1.72 and 1.99. The periods of the shear 
waves are not usually noticeably different from 
those of compressional waves found on the 
same records. 

Similar observations of shear waves at deep- 
water stations have been mentioned by Raitt 
(1949), Hersey et al. (1952), Ewing et al. (1954), 
and Katz and Ewing (1956). In the last three 
of these papers it was reported that the thick- 
ness of sediments, as computed from the shear 
waves on the assumption that transformation 
occurred at the interface between the sediments 
and the oceanic layer, was somewhat greater 
than that computed from the compressional- 
wave data. As with the results reported in the 
present paper, the apparent discrepancy in 
depth disappears if the transformation to 
shear waves is assumed to be at a suitable 
horizon above the oceanic layer. 

Two other phases, which are related to a 
horizon above the oceanic layer are frequently 
observed. They are sub-bottom reflections and 
refracted arrivals from semiconsolidated sedi- 
mentary layers. They also show large variations 
in intensity from station to station, which have 
not been correlated with any other properties. 
In some cases, the sub-bottom reflections corre- 
late fairly well with refracted arrivals from 
within the sedimentary column; in other cases 
they correlate approximately, but not exactly, 
with refracted arrivals from the oceanic layer. 
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In still other cases, strong sub-bottom reflec- 
tions observed cannot be correlated with any 
refracted arrivals. The travel-time graphs of 
stations G-3 and G-14 show examples of sub- 
bottom reflections correlating more closely 
than usual with the top of the oceanic layer. 
Both show that the reflecting horizon is above 
that determined by the refracted arrivals 
since the R,’ curve is cut by the G; line. There- 
fore, both shear waves and sub-bottom reflec- 
tions indicate that an important horizon exists 
above the top of the oceanic layer at which 
transformation from compressional to shear 
waves can occur and which is a good reflector. 

The discrepancies in depth to the horizon 
indicated by the two types of refracted waves 
and the reflected wave may indicate that an 
additional layer, intermediate in velocity be- 
tween the oceanic layer and the sediments, 
exists but is masked by the water waves. Ex- 
planation of the large variations in intensity 
seems to be more difficult. There are some 
indications that the horizon in question is a 
transition zone in the sediments separating the 
material above, which behaves as a fluid, from 
that below, which has rigidity. The degree of 
abruptness of this transition probably would 
have greater effect on the intensity of reflected 
signals than on refracted signals. 

At a few stations (e.g., G-11, G-12, G-13) a 
dotted line, indicating a velocity of about 5 
km/sec, has been drawn to show the possi- 
bility of a masked layer between the sediments 
and the oceanic layer. If this layer is present, 
attenuation in it must be high because its 
travel-time curve cannot be extended to greater 
distances by the use of second arrivals. Perhaps 
a better explanation is that the upper part of 
the oceanic layer has a velocity gradient which 
would bend down the masked portion of the 
refraction line into a position of tangency to 
the R’ hyperbola. This would eliminate the 
discrepancy between the depth determined by 
reflected and by refracted waves and would 
account for the failure to observe the postulated 
intermediate-velocity material as a second- 
arrival refracted phase. At Atlantic stations 
(in deep basins) there is usually no direct 
evidence from refracted waves for the pres- 
ence of a 5-km/sec layer, whereas such ev- 
idence is frequently found in the Pacific.’ 
The sediment-layer thickness in the Atlantic 
is sufficient to mask the postulated layer at 


3 Raitt (1956) reports a layer 1-2 km thick with 
an average velocity of about 5.2 km/sec at many 
locations in the Pacific Ocean. 
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most of the stations, but its presence is fre- 
quently indicated by shear waves and sub- 
bottom reflections and occasionally by compres- 
sional arrivals. 


EASTERN ATLANTIC OCEAN BASIN 


The seismic-refraction data hitherto avail- 
able for the crustal structure of the eastern 
basin of the Atlantic are those reported by Hill 
(1952), Gaskell and Swallow (1951), and Hill 
and Laughton (1954). 

Most of their measurements are near the 
basin margins. Their stations and those of the 
present report are all north of 30° N. Lat., 
where the eastern basin is narrow and inter- 
rupted by numerous seamounts and submarine 
ridges. Probably this accounts for the differ- 
ence between the results found here and those 
reported for the broad western basins. 


Station E-7 (Pl. 3) 


Station E-7 is in the western edge of the Iberian 
Basin. between Spain and the Azores. This general 
area has quite complex topography; variations of 
as much as several hundred fathoms are common 
even within relatively short distances. For example, 
an 1800-fathom peak was crossed a short time 
before arriving at the station. 

Unconsolidated sediments about 0.9 km thick 
are found, assuming a velocity of 1.73 km/sec. 
Beneath the sediments are two refracting layers, 
the upper 4.3 km thick, with velocity 6.46 km/sec, 
the lower with velocity 7.68 km/sec. Although the 
accuracy of the measurements is low here, the 
results are in good agreement with near-by stations, 
E-8 and E-9, 


Station E-8 (Pl. 3) 


This station is in the Iberian Basin in 2660 fm 
(4.85 km). It is on the northern slope of a large 
topographic rise which gave a minimum sounding 
of 1800 fathoms about 40 miles south of the station. 
The arrival times were corrected to a sloping bot- 
tom approximating the slope of the main topo- 
graphic feature. 

The seismograms recorded at A are very good 
and, although only five ground-wave arrivals were 
received at B, these reverse the station satisfac- 
torily. The structure section consists of a layer of 
unconsolidated sediment which averages 0.88 km 
thick, assuming a sedimentary velocity of 1.74 
km/sec. The oceanic layer has a velocity of 6.28 
km/sec and an average thickness of 3.81 km. The 
velocity 7.77 km/sec found for the deepest layer is 
below accepted values for the mantle. 


Station E-9 (Pl. 3) 


This station is in the West European Basin west 
of the Bay of Biscay. The water depth averaged 
2400 fathoms (4.39 km), and the bottom topogra- 
phy was relatively flat along the shot lines. 

The velocities in the oceanic layer and in the 
layer below it are 6.26 and 7.65 km/sec respectively, 
and 1.72 km/sec was assumed for the velocity in 
the sediments. The velocity 7.65 km/sec is below 
the accepted values for the mantle. 
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Station D-12 (Pl. 3) 


This station is located in deep water about mid. 
way between the northwestern tip of Spain ang 
southern Ireland. The shot lines cut obliquely 
across the bottom contour lines; the depth increase 
from 2250 fathoms (4.10 km) at A to 2600 fathoms 
(4.85 km) at B. Topographic corrections were ap. 
plied for deviations from a sloping line which 
proximates the bottom profile. The velocities found 
for the oceanic layer and the layer beneath are 6,14 
and 7.77 km/sec, respectively, in good agreement 
with the values found at Stations E-7, E-8, and E-9, 
The average sedimentary column is considerably 
thicker here than at E-7, E-8, and E-9 (1.6 ys 
0.9 km), a reasonable result considering the proxim. 
ity of this station to the continental shelf. 

The velocity in the topmost layer of sediments 
was assumed to be 1.71 km/sec at both ends of 
the station. A semiconsolidated layer (2.24 km/sec 
was clearly seen in the B profile but was not de. 
tected at A. The structure section, intended to shor 
the average layer thicknesses, shows this layer 
about half as thick as indicated at B. 

The results at Stations E-7, E-8, E-9, and D-12 
agree well among themselves and may be com. 
pared with the profiles near stations E-9 and D-1? 
reported by Hill and Laughton (1954). Two of 
their stations will not be discussed here—No. 9 is 
on the continental slope, and No. 18 is reported as 
inaccurate. For their stations 10, 11, and 17, the 
velocities reported for the oceanic layer range from 
6.49 to 6.75 km/sec and are considered to be in 
reasonable agreement with the values 6.14 to 6.4 
km/sec reported in the present paper. For stations 
16 and 17 Hill and Laughton report velocities 8.18 
and 7.80 km/sec for a deeper layer which may le 
compared with the values 7.65 to 7.77 found in the 
present work. 


Station D-5 (PI. 3) 


This unreversed station is in the Canary Basin 
west of Madeira. The water depth along the shot 
line was constant at 2830 fathoms (5.17 km). 
Apparent velocities of 6.49 and 8.04 km/sec were 
determined for the oceanic layer and mantle re- 
spectively. The sedimentary thickness of 1.10 km 
was computed on the assumption that the entire 
column is unconsolidated and has a velocity of 
1.72 km/sec. 


Station D-6 (Pl. 3) 


This station is about 100 miles west-northwest of 
Madeira over a relatively flat bottom on the slope 
between the Canary Basin and Madeira. The 
water depth was about 1900 fathoms (3.45 km). 
Only 9 km of the station line was reversed, but, 
since the apparent velocity for the oceanic layer is 
about the same in each profile, 6.62 km/sec is 
probably reliable. The sedimentary thickness of 
1.5 km+ was computed assuming the velocity in 
the sediments to be 1.70 km/sec. According to this 
result, the oceanic layer is 5.15 km below sea level 
here, compared with 6.27 km at station D-5. Pos- 
sibly because of the presence of volcanic rocks, a 
higher velocity for sediments should be used. If so 
the oceanic layer would probably be a little deeper 
at D-6 than at D-5. The material which forms 
this rise apparently originated at or near Madeira 
and built up the rise as a superficial load on normal 
crust. In contrast, the oceanic layer and the mantle 
show deviations from typical basin structure over 
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EASTERN ATLANTIC OCEAN BASIN 


a large area surrounding Bermuda. The same is 
true for the flanks of the Mid-Atlantic Ridge and 
for many parts of the West Indian island arc. 


DISCUSSION OF RESULTS: The scarcity of long 
reversed stations here makes it difficult to 
determine a good average crustal section in the 
eastern North Atlantic for comparison with 
that in other areas. Station D-5 appears to 
show results typical of ocean basins elsewhere, 
although the accuracy is not high because the 
station is short and unreversed. Much the same 
can be said for D-6, despite the shallow depth 
of water, but this is a poor station which is 
only partially reversed and has only a few 
shots. 

Stations D-12, E-7, E-8, and E-9 show con- 
sistent results and suggest that the structure 
is slightly different from that in other basin 
areas. This might be expected in view of the 
fact that the basins in which these stations 
are located are relatively constricted, lying 
between the Mid-Atlantic Ridge, Britain, and 
southern Europe. The results reported by Hill 
(1952) and by Hill and Laughton (1954) are 
combined with those reported here to give the 
following average crustal section: 


Km 
Water depth 4.56 
Sediment thickness 1.18 
Oceanic-layer thickness 4.87 
Oceanic-layer velocity (km/sec) 6.52 
Mantle velocity (km/sec) 7.81 


The only significant difference in structure 
between this and other, larger basin areas is in 
the velocity below the oceanic layer. Compared 
with the normal mantle velocity of about 8.0—- 
8.1 km/sec found in the large basins, the aver- 
age velocity here is 7.8 km/sec. As in the west- 
ern basins, a masked 4.5-5.5 km/sec layer 
could have been missed in these stations. Simi- 
lar structure has been found in the Venezuelan 
Basin of the Caribbean Sea (Officer ef al., 1957; 
J. Ewing e¢ al., 1957; G. Sutton and M. Ewing, 
unpublished) and at other places such as the 
Bermuda Rise and the Continental Rise of 
North America (Officer et al., 1954; Katz and 
Ewing, 1956). There is increasing evidence that 
only the broad, deep-ocean basins display the 
simple structural configuration of sediments— 
oceanic layer-mantle. In the intermediate 


areas, the structure deviates slightly toward 
the continental type, possibly as a result of 
intrusion, differentiation, changes of state, or a 
combination of these processes in the crust and 
upper mantle. 
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MEDITERRANEAN SEA 


Previous seismic work in the Mediterranean 
Sea was done by Gaskell and Swallow during 
the world cruise of H.M.S. CHALLENGER in 
1950-1952. Eight stations were occupied, two 
near the coast of Cyprus, two near Malta, three 
in deep water in the eastern basin, and one in 
shallow water southwest of Malta. At the deep 
stations, only one refracting layer was found 
(velocity 4.42 to 4.57 km/sec) underlying the 
low-velocity sediments. The shallow stations 
showed a wider range of refracting velocities— 
2.96 to 6.70 km/sec. Four of the stations re- 
ported here are in general agreement with the 
deep-water station of Gaskell and Swallow; the 
fifth, near Alboran Island, shows a higher re- 
fracting velocity. 


Station D-8 (Pl. 4) 


The shot line of this unreversed station was run 
down the eastern slope of a large, flat-topped 
seamount (at least 20 miles across) about 60 miles 
off the coast of Cyrenaica in the Ionian Basin. The 
receiving position was near the top of the mountain 
at about 700 fathoms water depth. The bottom 
sloped downward at 6.5° from the receiving posi- 
tion to the fifth shot, at the foot of the mountain, 
then upward at 2° from that point to the last shot. 
The water depth thus ranged from a minimum of 
700 fathoms (1.28 km) at the receiving position to 
1950 fathoms (3.56 km) at the deepest point. The 
effect of the change in slope of the bottom is clearly 
seen in the travel-time graph in which the line of 
ground-wave arrivals breaks from an inverse slope 
of 2.30 to 4.00. 

If the observed slope of the bottom is introduced 
into the calculations, the velocity in the refracting 
layer at the receiving end of the shot line is 4.61 
km/sec. The corresponding calculation for the 
upslope portion of the shot line (shots 5-8) gives a 
velocity of 5.18 km/sec. In applying the corrections 
for slope in these calculations, it was assumed that 
the refracting layer is parallel to the bottom topog- 
raphy. 

There are two obvious structural interpretations 
of the data: 

(1) The refracting layer on the seamount is the 
same as that found under the surrounding sea bed 
—i.e., the mountain might have been formed by 
the intrusion of an igneous mass which raised the 
upper layers of the sea bed to the observed config- 
uration. In that case, the velocities determined from 
the downslope and from the upslope portions of 
the shot line should agree, and their failure to do so 
means that the slopes used in calculating the 
velocities were incorrect, and the refracting layer 
is not parallel to the bottom topography. Agree- 
ment in this respect requires that the refracting 
layer (velocity 4.8 km/sec) slopes more steeply 
than the sea floor. The sedimentary thickness at the 
deep end was assumed to be 0.35 km on the basis of 
measured thicknesses at three stations north of 
this location. 

(2) The seamount is volcanic and differs in 
composition from the refracting layer in the sur- 
rounding sea bed. In this case the break in the 
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ground-wave line could represent a change in 
velocity as well as a change in slope. 


Station D-9 (Pl. 4) 


This is an unreversed station in the Ionian Sea 
about 150 miles east of Sicily. The water depth was 
about 2000 fathoms (3.66 km), and the bottom 
topography is generally flat along the line of shots. 
A single refracting layer is detected at a depth of 
0.34 km below the sea floor; the depth is calculated 
by assuming a velocity of 1.71 km/sec for the 
overlying sediments. The apparent velocity in the 
refracting layer is 4.20 km/sec. 

The results from this station are in good agree- 
ment with the deep-water stations occupied in the 
Mediterranean from H.M.S. CHALLENGER in 1950- 
1952 (Gaskell and Swallow, 1953). Two CHAL- 
LENGER stations, 28 and 29, located slightly south 
and west of this station, show velocities in the 
refracting layer of 4.57 and 4.42 km/sec respectively 
and thickness of the sediments as 0.37 km. A ve- 
locity in the range of 4.2-5.0 km/sec is found in many 
other widely separated places in the Mediterranean: 
4.36 km/sec at CHALLENGER station 31 south of 
Malta, 4.79 km/sec at station D-11 west of Sar- 
dinia. The true velocity at stations D-8 and D-10 
may also lie within this range, but those determina- 
tions were very inaccurate owing to topographic 
complications. The layer represented by this ve- 
locity range is apparently characteristic of the 
deep-water areas throughout the Mediterranean. 
The only deep-water station which shows conflict- 
ing results is D-7, located beyond the western limit 
of the deep basin. The apparent velocity found 
there is not well determined but seems to be higher 
than 5.0 km/sec. 


Station D-10 (Pl. 4) 


This is an unreversed station in the Tyrrhenian 
Sea about 60 miles north of Sicily, which unfor- 
tunately ran over a seamount, since found to be a 
volcanic cone (VEMA Expedition, 1956). The water 
depth was about 1875 fathoms (3.43 km) for the 
first four shots, then decreased rapidly to 500 
fathoms at the fifth shot, and increased again to 
1800-1900 fathoms. The ground-wave intensity 
decreased abruptly when the seamount was reached, 
as often happens, and ground waves could be read 
only to the fourth shot. 

Obviously the structure at this station was not 
accurately determined. The two solid lines on the 
travel-time graph show the reasonable limits for 
lining up the ground-wave points. The apparent 
velocity in the refracting layer is between 4.9 and 
5.7 km/sec, and the depth of the layer below the 
sea floor is between 0.9 and 1.2 km. Further uncer- 
tainty is introduced, as it is in all unreversed sta- 
tions, by the possibility that the refracting layer 
is sloping, a particularly strong possibility here. 


Station D-11 (Pl. 4) 


This is an unreversed station in the basin about 
150 miles west of Corsica and Sardinia. The water 
depth was constant at 1370 fathoms (2.50 km). A 
refracting layer, in which the apparent velocity is 
4.79 km/sec, was detected at a depth, calculated 
by assuming a sediment velocity of 1.71 km/sec, 
of 1.30 km below the sea floor. According to Heezen 
and Ewing (1955) the basin in which this station 
lies is an abyssal plain which receives turbidity- 


current deposits. The sediment layer here js 
thicker than at any other Mediterranean basin 
station. 

A minimum thickness of 4.4 km was calculated 
for the 4.79 km/sec layer assuming that the layer 
beneath has a velocity of 6.50 km/sec and is too 
deep to be detected by the longest shot. A similar 
result would be obtained for Station D-9 by ignori 
the longest shot, which was weak. As Gaskell and 
Swallow (1953) point out, possibly the refracting 
layer is a thin band underlain by additional low- 
velocity material. If so, a 6.5 km/sec layer would not 
have been detected as a first arrival in these meas. 
urements if it were more than 6 km below sea level, 


Station D-7 (Pl. 4) 


This is an unreversed station in about 110 
fathoms (2.01 km) of water 60 miles east of Alboran 
Island. The first three shots produced fairly good 
ground-wave arrivals, but the last two were weak. 
If all five arrivals are considered valid and represent 
the same layer, the apparent velocity in the layer 
is 6.08 km/sec. This interpretation of the data 
gives a sedimentary thickness of 2.05 km, assuming 
the velocity in the. sediments to be 1.71 km/ser, 
It is equally ‘possible, however, that only the first 
three points on the graph should be used, in which 
case the refracting velocity would be about 52 
km/sec and the thickness of the sediments about 
1.6 km. The first interpretation was used in com- 
puting the structure section. 


DISCUSSION OF RESULTS: A refracting layer 
with a velocity between 4.2 and 5.0 km/sec is 
found at all the deep-water stations in the 
Mediterranean. None of these stations was 
long enough to penetrate to a deeper, higher- 
velocity layer. The available data indicate that 
the low-velocity sediments are appreciably 
thicker in the western end of the sea than in 
the eastern end. Station D-9 and CHALLENGER 
stations 27, 28, and 29, all of which are east of 
Sicily, show 0.3-0.4 km; D-10, and CHAtLEn- 
GER station 31 which. are at the same longitude 
as Sicily, show aboyt 1 km; D-11, west of 
Sardinia, shows 1.3 km; and D-7, just east of 
Alboran Island, shows 1.6-2.0 km. Although 
this trend is indicated, the coverage is inade- 
quate to justify speculating on its geological 
significance. 

The identification of the 4.2-5.0 km/sec 
refracting layer should be one of the primary 
objects of future work in the Mediterranean. 
If this layer marks the bottom of the sedimen- 
tary column, the thickness of sediments appar- 
ently averages only slightly more than 1 km, 
which seems surprisingly thin in view of the 
large land area which drains into the Mediter- 
ranean. If, on the other hand, the refracting 
layer is a relatively thin layer of consolidated 
sediments, limestone, or possibly volcanic rock 
within the sedimentary column, it is equally 
significant since this boundary must represent 
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an important change in events in the history of 
the area. 

Seismic results from the deeper parts of the 
Caribbean show about 2 km of low-velocity 
sediment, 2-4 km of consolidated sedimentary 
or igneous rocks, and a crustal velocity of 6-7 
km/sec (J. I. Ewing, J. F. Hennion, and C. B. 
Officer (in preparation)). 

In the deeper part of the Gulf of Mexico 
approximately 6 km of sediment overlies crustal 
rocks with velocities of 5-6 km/sec (Ewing et 
al., 1955). 

In all three basins there is great need for 
information about the crustal thicknesses and 
the subcrustal velocities. 


Mip-ATLANTIC RIDGE 


The Mid-Atlantic Ridge extends the full 
length of the north and south Atlantic oceans, 
approximately equidistant from the bordering 
continents. It is a broad swell, several hundred 
miles wide, with a rugged crest which rises 
about 2000 fathoms above the eastern and 
western Atlantic basins. Ewing and Heezen 
(1956) have suggested that this ridge extends 
into the Arctic Ocean in one direction and into 
the Indian and Pacific oceans in the other. They 
have pointed out that practically all available 
sounding traverses of this ridge are character- 
ized by a median rift zone which follows the 
crest of the ridge very accurately, and that, 
within the accuracy of epicentral determina- 
tions, the earthquake belt coincides with the 
median rift. 

Olivine basalts are the predominant rocks 
of the volcanic islands of this ridge system. Hess 
(1954, p. 344) has pointed out that ‘‘Peridotite 
xenoliths are the only foreign rocks brought to 
the surface in volcanoes on the ridges, and 
peridotite is known to outcrop at two points 
on the Mid-Atlantic Ridge.” 

Despite similarities with the cordilleran 
mountain systems in length, height, and general 
pattern the Mid-Atlantic Ridge shows no 
evidence of andesite or of geosynclinal develop- 
ment. Seismic-refraction measurements on the 
ridge have been difficult on account of the great 
topographic relief, but definitive results are 
now available. 


Station D-13 (Pl. 4) 


This station is on the eastern flank of the Mid- 
Atlantic Ridge at about the latitude of Bermuda. 
The water depth along the shot lines varied by as 
much as 700 fathoms, and corrections were ap- 
plied to the ground-wave arrivals to remove the 
effects of topographic variations from the mean 
depth of 2000 fathoms (3.66 km). The structure 


MEDITERRANEAN SEA 


305 


section determined here consists of a thin layer of 
low-velocity sediments (0.39 km), 3.12 km of ma- 
terial with velocity 5.01 km/sec, and a substratum 
with velocity 7.21 km/sec. The 5.01 km/sec layer 
is determined only in the B profile, and that deter- 
mination is not good, owing to an uncertain time 
break on the closest shot. Because of the exception- 
ally rough topography and the failure to record 
shots at close range, the upper part of the structure 
section reported here may be inaccurate. The B 
profile indicates that very little unconsolidated 
sediment is present, since the line representing the 
5 km/sec layer is approximately tangent to Ri. 
Therefore the assumed Gy line in the A profile was 
drawn with the lowest possible intercept, indicating 
a minimum thickness of sediments there. Additional 
evidence for a thin sedimentary cover at A lies in 
the fact that the receiving position was over a 500- 
fathom peak. 


Station D-14 (Pl. 4) 


This station is on the western flank of the Mid- 
Atlantic Ridge about 370 miles west of station 
D-13. Although the bottom topography was rough, 
topographic corrections to the mean depth of 1750 
fathoms (3.20 km) produced good alignment of the 
points on the travel-time graph. 

As at station D-13, the failure to record shots at 
close range has resulted in uncertainty about the 
upper part of the structure section. The velocity in 
the deep refracting layer (7.27 km/sec) was well 
determined, but the velocity in the material above 
was not. The dashed lines (G2) represent a layer 
approximately 2 km thick (velocity 4.97 km/sec) 
which could be present but undetected. Assuming 
that the remainder of the overlying material is 
unconsolidated sediment with a velocity of 1.7 
km/sec, the thickness was computed to be 0.56 km. 


Station D-3 (Pl. 4) 


This is an unreversed station near the crest of 
the Mid-Atlantic Ridge at Lat. 30.4° N. The water 
depth under the receiving position was 1500 fathoms 
(2.74 km), and the bottom sloped down uniformly 
from west to east at an angle of 1.4°. 

Two refracting layers were found here, indicated 
on the travel-time graph by the lines G2 = D/3.30 
+ 3.75 and G; = D/4.50 + 4.42. These represent 
velocities of 5.38 and 7.42 km/sec after slope cor- 
rection. The thickness of the overlying sedimentary 
layer is computed to be 0.22 km assuming a ve- 
locity of 1.72 km/sec. 


Station D4 (Pl. 4) 


This unreversed station is slightly east of the 
crest of the Mid-Atlantic Ridge at Lat. 30.5° N. 
The water depth along the shot line was fairly 
constant, near 1750 fathoms (3.21 km). The four 
recorded shots determine a line on the travel-time 
graph representing a velocity of 6.26 km/sec. The 
dashed line Gz = D/3.00 + 4.40 represents a layer 
with apparent velocity 4.55 km/sec which could be 
present but was undetected because of the lack of 
shots at close ranges. The sedimentary thickness is 
calculated to be 0.31 km assuming that the velocity 
is 1.72 km/sec and that the 4.55 km/sec layer is 
present. 


Station A-152 - 18 (Pl. 4) 
This unreversed station is on the western flank 
of the Mid-Atlantic Ridge at about Lat. 35° 47’ N. 
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This station and station A-152-17 were made by 
the whaleboat technique (Tolstoy et al., 1953); 
hence water depth is known only from an echo- 
sounding survey made subsequently, and no detailed 
topographic corrections are made. The water depth 
was about 1800 fm (3.3 km), the sediment-layer 
thickness was 0.2 km (assuming a velocity of 1.70 
km/sec), and the apparent velocity in the refracting 
layer is 5.23 km/sec. 


Station A-152 - 17 (Pl. 4) 


This unreversed whaleboat station is near the 
crest of the Mid-Atlantic Ridge in a depth of about 
1300 fm (2.36 km). The sediment-layer thickness is 
0.58 km (assuming a velocity of 1.70 km/sec), and 
the apparent velocity in the refracting layer is 
6.08 km/sec. 


Stations A-180, KM-1-1 through 7 (Pl. 4) 


These seven stations were made along a traverse 
across the Mid-Atlantic Ridge south of the Azores. 
The topographic section and the seismic results are 
shown in Figure 2. Because of the rough topography 
on the ridge, the accuracy of the individual measure- 
ments is not high; but, since reasonably consistent 
results have been obtained at most of the stations, 
the major structural features are probably approxi- 
mately as shown in the generalized cross section, 
(Fig. 3). 

The arrival times were corrected in the normal 
manner (assuming all interfaces to be parallel to 
the bottom topography) for stations 2, 3, 6, and 7. 
For stations 1 and 4, the uncorrected plots indi- 
cated that an appreciable amount of unconsolidated 
sediment was present at the west end while high- 
velocity rocks outcropped at the east end. Therefore, 
the arrival times at these stations were corrected to 
conform to horizontal layering for the purpose of 
computing thicknesses; then the interfaces were 
adjusted in the section to show the amount of 
relief indicated by the uncorrected measurements. 
At station 5, in order to obtain a satisfactory reverse 
and a satisfactory alignment of the points, it was 
necessary to assume that the receiving ship at the 
west end of the line drifted over a peak. This cannot 
be confirmed because of lack of soundings by the 
receiving ship, but it is probable in view of the 
known topography and direction of drift. 


Station F-10 (Pl. 4) 


This station is on the Mid-Atlantic Ridge at 
about 52° 40’ N. Lat. The water depth increased 
from 1600 fathoms (2.93 km) at the eastern end, 4, 
to 2100 fathoms (3.84 km) at the western end, B. 
Great topographic relief was encountered along 
the shot lines, and the arrival times have been cor- 
rected as usual on the assumption that the same 
relief exists in the refracting layer. The alignment 
of the points on the travel-time graph is improved 
by the topographic correction, but there are still 
some fairly large residuals. 

The average thickness of the sediments was 0.78 
km (assuming a velocity of 1.72 km/sec), and the 
measured velocity for the underlying rock is 7.36 
km/sec. Possibly the section should include an 
additional layer 1-2 km thick with a velocity be- 
tween 4.5 and 5.5 km/sec. There is no indication of 
a break into a higher velocity even on the longest 
shot which is at a range of 70 km. Assuming that 
the charge size (220 pounds) on the longest shot 
was sufficient to penetrate the mantle, it was calcu- 


lated that the minimum depth at which a velocity 
of 8.0 km/sec (assumed mantle velocity) would be 
found is 12.0 km below sea level. 


Station E-3 (Pi. 4) 


Both sets of seismograms were very good at this 
station, producing one of the best refraction stations 
to date on the Mid-Atlantic Ridge. It is located 
the western flank of the ridge about 400 mil 
southwest of Iceland. The shot lines were mp 
parallel to the trend of the ridge in order to reduce 
to a minimum complications introduced by topo. 
graphic irregularities, and, although the bottom was 
rough, the water depth did not change appreciably 
from the average of 830 fathoms (1.52 km). 

Two refracting layers showed velocities of 5.6 
and 7.24 km/sec respectively. The sedimentary 
cover was 0.38 km thick, assuming a velocity of 
1.70 km/sec. The average thickness of the upper 
refracting layer was 2.86 km. 

Strong arrivals identified as transformed shear 
waves traveling in the deeper refracting layer were 
recorded at both receiving positions. These deter. 
mine the lines on the travel-time graph represented 
by the equations G, = D/2.50 + 3.43 and G, = 
D/2.45 + 3.17. The ratio of compressional to shear 
velocity is 1.99. Although this number is higher than 
average, the identification of these arrivals as other 
than transformed shear waves is not possible in 
view of the velocity and time intercept—i.e., their 
identification as compressional waves in another 
layer would result in negative values in the calcula- 
tion of layer thickness. 

The travel-time graph shows that the intercepts 
of the shear-wave lines are higher than those of the 
corresponding compressional-wave lines. This rela- 
tionship can exist only if the transformation from 
compressional to shear waves occurs at a level 
higher than the depth of horizontal refraction. In 
the present case, it would not have been possible to 
observe shear waves transformed from compres. 
sional waves at the interface between the two high- 
velocity layers since the velocity of shear waves in 
the lower layer is less than that of compressional 
waves in the upper one. Here the propagation is 
compressional in the water and sediments, and 
shear in both refracting layers; horizontal refraction 
takes place in the deeper layer. A calculation based 
on this interpretation gives the depth to the 7.24 
km/sec layer as 4.52 km as compared with 4.67 km 
computed from compressional arrivals. 


Station E-4 (Pl. 4) 

This is a good reversed station about 150 miles 
northeast of Station E-3. The shot lines were run 
parallel to the trend of the ridge near the crest. 
As at Station E-3, the bottom along the shot lines 
was rough but with no general slope. The average 
water depth was 750 fathoms (1.37 km). 

The average sedimentary thickness is 0.39 km 
calculated for an assumed velocity of 1.75 km/sec. 
Although the velocities found here are somewhat 
higher than at Station E-3 (5.83 and 7.63 vs. 5.00 
and 7.24 km/sec), they probably represent the 
same layers. 

Some of the records from the B profile showed 
large-amplitude second and third arrivals, some of 
which can be interpreted as transformed _ shear 
waves traveling in the sub-basement, as at Station 
E-3, and others as twice-refracted compressional 
waves. 
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MID-ATLANTIC RIDGE 


Figure 4 shows a north-south ‘structure section 
along the crest of the Mid-Atlantic Ridge south of 
Iceland. Although the extrapolation over such a 
great distance is speculative, the results indicate 
that the 5-km/sec layer, presumably volcanic rock, 
thickens toward Iceland. At Station F-10, this layer 
is either absent or masked, and if masked it is not 
thicker than 1-2 km. 


Station E-5 (Pl. 4) 


This station is about 240 miles south of Iceland. 
The shot lines were run in a north-south direction 
with the water depth nearly constant at 1300 
fathoms (2.38 km). The structure section consists 
of unconsolidated sediments (1.72 km/sec assumed), 
semiconsolidated sediments (1.94 km/sec), and 
two deeper layers with velocities of 5.71 km/sec 
and 7.47 km/sec respectively. The thickness of the 
sedimentary layers is about 1 km, that of the 5.71 
km/sec layer about 2.8 km. 

Although soundings showed no_ appreciable 
change in depth along the shot lines, some of the 
points on the travel-time graph have large residuals. 
This is probably the result of relief, in one or both of 
the refracting layers, which has been obscured by 
the sediments. A conspicuous example is the region 
10-20 seconds from point A where the lines for the 
7.47 km/sec layer are offset by 0.3 sec. The most 
plausible structural interpretation is that the offset 
represents a graben fault or synclinal feature in 
which the vertical displacement is on the order of 
0.5 km. 

Possibly an additional line with an inverse slope 
of 1.9-2.1 should be drawn in the A profile passing 
through the first ground-wave point. This arrival, 
which is quite distinct and plots conspicuously low 
on the travel-time graph, may indicate an addi- 
tional layer with a velocity around 3-km/sec be- 
neath the semiconsolidated sediments. However, in 
view of rather large residuals elsewhere in this 
station, believed to be due to relief in the refracting 
layers, this was not considered sufficient evidence 
for another layer. 


Station E-6 (Pl. 4) 


This station is near the tip of the prominent 
topographic rise which extends southwesterly from 
Rockall Bank. The water depth decreased slightly 
from north to south (A to B). The A profile was 
well recorded, but unfortunately the close-range 
shots in the B profile were too small to penetrate 
to the deeper layers. The shots at ranges of 7.5 
and 9.8 sec gave clear arrivals from the semicon- 
solidated sediments but were apparently not strong 
enough to reach the deeper layers. 

Four layers are determined here. The unconsoli- 
dated sediments are 0.87 km thick with a velocity 
of 1.81 km/sec, and the semiconsolidated layer is 
1.24 km thick with a velocity of 2.79 km/sec. 
The basement and sub-basement velocities are 
5.80 and 7.43 km/sec respectively in the two deeper 
layers—significantly close to the velocities found at 
stations E-3, E-4, and E-5. This similarity of crustal 
layering is as striking as the similarity in rock types 
in this part of the Brito-Arctic petrographic 


province (Turner and Verhoogen, 1951, p. 188). 

_ Three profiles about 120 miles east of this loca- 
tion (Hill, 1952) show a velocity of 2.5 km/sec for 
the semiconsolidated sediments, 5.0 km/sec as the 
average of three determinations of the velocity in 
the upper refracting layer, and 6.3 km/sec as the 
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average of two velocity determinations for the lower 
refracting layer. 


Station A-173-5 (Pl. 4) 


This station is over a lesser peak on the northern 
flank of Bermuda. It is included in the section on 
the Mid-Atlantic Ridge on the basis of structural 
similarity. As shown in the structure section, a 
satisfactory interpretation of the data is that two 
velocities were measured: 4.04 km/sec and 5.36 
km/sec. An alternate interpretation, perhaps 
equally as good, is that only one kind of material 
is present, and the velocity in it is between the 
values listed above. 

Because of the rough topography, it was not pos- 
sible to determine whether or not any low-velocity 
sediments were present. If so, there could be only 
a thin layer. 


DISCUSSION OF RESULTS: The crustal layering 
in the Mid-Atlantic Ridge is significantly 
different from that under the adjacent ocean 
basins. The ridge structure and the comparison 
with ocean-basin structure is shown in the cross 
sections (Figs. 2, 3, 4, 5). The oceanic layer is 
believed to be olivine basalt. This belief is based 
principally on the fact that the rocks brought 
up in oceanic volcanoes throughout the world 
are predominantly olivine basalts. Since these 
rocks also are the predominant constituent of 
the exposed portions of the Mid-Atlantic 
Ridge, the view is taken that the ridge has been 
built by volcanism in a formerly oceanic area. 

The upper layer of the ridge, 5.15 km/sec 
average velocity, is identified as basaltic 
volcanic rock. This velocity agrees well with 
values given by Birch et al. (1942) and with the 
velocity measured on Bermuda (Officer et al., 
1952). The deeper layer with average velocity 
7.21 km/sec is tentatively identified as a mix- 
ture of mantle and oceanic layer. Assuming a 
simple mixture of approximately equal parts, 
the mean density may be estimated as 3.07. 
If isostatic equilibrium is assumed and the 
average height of the ridge above the sea floor 
is taken to be 1500 fathoms (or about 3 km), 
the thickness of the 7.3 km/sec material is about 
30 km, as indicated by the dashed lower inter- 
face in Figure 3. The free-air anomaly profile 
shown in this figure is taken from Vening 
Meinesz (1948). The fact that the anomaly is 
relatively small indicates that the ridge is 
largely compensated. 

The formation of the ridge requires the addi- 
tion of a great quantity of basalt magma and 
raises the question of its source. This is attrib- 
uted to a rising convection current in the 
mantle, as described by Hess (1954, p. 345). We 
suggest that a convection-current system has 
contributed the basalt magma and has applied 
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the extensional forces to the crust to produce 
the axial rift. 

The rift and the earthquake activity indicate 
that the area is now under tension. This in 
turn indicates that the present convection 
system is such that material is rising along a 
belt approximately following the axis of the 
north and south Atlantic oceans. The fact that 
the ridge follows the axis of the oceans has been 


discussed by numerous authors. The convection 
pattern envisioned here can best be related to 
this fact on the assumption that the positions 
of North America and South America relative 
to Europe and Africa have been determined by 
the current system rather than that the current 
system was determined by the location of the 
continents. To explain the relative location of 
the continents (with respect to the Mid-Atlantic 
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Distance on the abscissa is plotted in increments Z 
of direct water-wave time, 7%. ¢., 1 second is 
approximately 5000 feet. The lines Gy, Gg, Gg.... 
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Ridge) by this current system, we assume, 
following Vening Meinesz (1957, p. 133), that 
all sialic crustal material was collected in one 
hemisphere by the initial current system. The 
second current system, whose pattern is as- 
sumed to persist to the present, contained a 
number of convection cells. These broke the 
original continental mass into fragments which 
moved prior to the solidification of a competent 
oceanic crust, to areas of subsiding current in 
the present pattern. 

Many writers have suggested that convection 
currents of the present should rise beneath 
continents, because of local heating. This would 
require that a reversal of the second convection 
pattern occurs after the formation of an oceanic 
crust. Possibly it could account for the accumu- 
lation of basaltic magma along the Mid-Atlantic 
Ridge, but it could hardly account for the ten- 
sion indicated by the rift. 


NORWEGIAN AND GREENLAND SEAS 


Five deep-water stations and the two shallow- 
water stations, discussed in the following sec- 
tion, are the only measurements in this area. 
The results are reasonably consistent, and, in 
spite of the small number of measurements, 
some conclusions appear justified. 


Station F-9 (Pl. 5) 


This station is in the northeastern edge of the 
basin (about 2000 fathoms deep) between Iceland 
and southern Norway. Rough topography along 
the shot lines greatly complicated the interpretation 
of the data. Sedimentary arrivals were recorded in 
both profiles. At A the apparent velocity is 1.76 
km/sec, and this clearly represents the topmost 
layer; the G; line is tangent to R;. The measured 
sedimentary velocity at B is 2.02 km/sec (apparent 
velocity), and, since the line representing this layer 
crosses the R, curve, the topmost layer was not 
observed at this end of the station. The dashed line, 
G, = D/1.17 + 2.50, represents the inferred upper 
layer here. The sedimentary layers are not uniform 
over any appreciable distance in this area, and the 
thickness and velocity of each individual layer 
shown in the section are considered to be repre- 
sentative only in the broadest sense. The section is 
reasonably accurate, however, in representing the 
average thickness of sediments. As mentioned 
earlier, even in regions of featureless topography, 
many of the sedimentary layers vary both in ve- 
locity and thickness over the range covered by the 
measurements, and, in regions such as this where 
the depth along the shot lines ranges as much as 
550 fathoms, it is difficult to determine a repre- 
sentative section. 

The first refracting layer beneath the sediments, 
primarily determined by the A profile, has a ve- 
locity of 5.36 km/sec and an average thickness of 
2.76 km. 

The lines representing the deepest refracting 
layer are offset in the middle portion of the travel- 
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time graph by about 0.6 sec, which seriously reduces 
the accuracy of the measurements. These high 
points are over a valley whose flat floor suggests 
turbidity-current filling and an even deeper valley 
in the underlying rocks. When interpreted in this 
way, the high points indicate that the sediment 
thickness in the region of the offset is about 1.2 
km greater than elsewhere. This is a good illustra- 
tion of the way in which long reversed refraction 
profiles can indicate buried topography. 

The highest velocity indicated here, 8.04 km, is 
considerably higher than at any of the other sta- 
tions in the area. Normally a velocity of this order 
is identified with the mantle, which is generally at 
a depth of 10-12 km in oceanic areas. Since the 
depth, 7.2 km, is unusual for the mantle, it is doubt- 
ful if the velocity has been correctly measured. 
Where such large topographic corrections are re- 
quired, the accuracy of the velocity determination 
is greatly reduced, and the velocity in the deepest 
layer here may be as low as 7.4 km/sec, the average 
for the deepest layer in the Norwegian and Green- 
land seas. 


Station F-7 (Pl. 5) 


This station is about 250 miles southeast of Jan 
Mayen Island. The soundings were constant at 
1750 fathoms (3.18 km) throughout both shooting 
runs. Sedimentary arrivals recorded at both re- 
ceiving positions determined two layers with veloci- 
ties of 1.80 and 2.00 km/sec. Velocities in the 
deeper refracting layers were 5.37 and 6.97 km/sec 
respectively. 

A distinct offset is noticed in the G; line in profile 
A at a water-wave travel time of 9.5 seconds. 
Unfortunately, the range of shots in the B profile 
is not sufficient to cover this region, and dashed 
lines are drawn on the travel-time graph to show a 
similar behavior of the corresponding lines in that 
profile. The amount of relief necessary to cause the 
travel times to deviate by the observed 0.3 second 
is about 0.6 km. 

Since this is the longest and most heavily shot 
station in the area, a calculation was made to de- 
termine the minimum undetectable depth below 
sea level of an assumed mantle layer with the 
velocity 8.0 km/sec. The results show that such a 
layer is more than 15 km deep. 


Station F-6 (Pl. 5) 


This station is about 150 miles north of Jan 
Mayen Island in the Greenland Sea. Except for a 
200-fathom rise near B, the topography was gener- 
ally flat along the shot lines, and the arrival times 
have been corrected to a level bottom at a depth of 
1670 fathoms (3.05 km). 

Since no sedimentary arrivals were received in 
either profile, an assumed velocity of 1.72 km/sec 
was used in the calculations. The refracting layers 
have velocities of 5.06 and 7.38 km/sec respectively. 
The section thus produced shows a thickness of 0.49 
km for the sediments and 3.04 km for the upper 
refracting layer. 

The G, lines are determined by shear waves 
travelling in the 7.38 km/sec layer. The ratio of 
compressional to shear velocity is about 1.91, and 
the depth calculations indicate transformation from 
compressional to shear waves near the base of the 
sediments. The line Ré in the A profile is determined 
by strong arrivals containing abundant high and 


low frequencies which are identified as topographic 
echoes (Luskin ef al., 1952). These could arise from 
a hill in the neighborhood of point A similar to th 
found at B. 


Station F-5 (Pl. 5) 


This station is near the flank of the ridge north. 
east of Jan Mayen Island. The soundings deviate 
only slightly from 1600 fathoms (2.92 km) along the 
shot lines, and no topographic corrections wer 
made. Several of the arrivals from the deeper re. 
fracting layers had large residuals, which are prob- 
ably due to buried relief. The structure section con. 
sists of three sedimentary layers overlying two 
deeper, high-velocity layers. Velocities were deter. 
mined for all but the unconsolidated sediments, for 
which a value of 1.70 km/sec was assumed. In- 
cluding the deeper-sediment layers, velocities 2.01 
and 3.60 km/sec, the total thickness of sediment js 
about 2 km. Beneath the sediments are found a r. 
fracting layer 2.6 km thick with velocity 5.26 km/sec 
and a layer with velocity 7.69 km/sec which is 
about 7.6 km below sea level. 

This is the only deep-water station in the area 
at which the 3.60 km/sec layer (presumably con- 
solidated sediments) is detected, but a velocity 
close to this is found at Stations F-3 and F-8, both 
of which are in shallow water. The arrivals for this 
layer in the B profile are highly questionable owing 
to interference from stronger basement arrivals at 
the range where they should be observed. The 
layer is clearly determined in the A profile by dis- 
tinct arrivals. The fact that consolidated sediments 
were found here and at Station F-3 led to the 
speculation that they could also be present at 
station F-4 which lies between these two stations. 


Station F-4 (Pl. 5) 


This station is on the continental slope southwest 
of Bear Island. The bottom had a uniform slope 
from 1300 fathoms at A to 1200 fathoms at B. 
Although most of the ground waves were strong 
enough to be picked accurately, some of the arrival 
times had residuals as high as 0.2 sec, particularly 
among those from the deeper refracting layers. 
This is characteristic of the stations occupied in 
the Norwegian and Greenland seas and is probably 
the result of relief in the deeper interfaces. 

The section consists of two layers of sediment 
with velocities 1.79 and 2.23 km/sec and two deeper 
layers with velocities 4.96 and 7.55 km/sec. The 
upper layer of sediment was not recorded at B, 
although indicated by Gz crossing the R; hyperbola, 
but it is well determined in the A profile. The semi- 
consolidated layer (velocity 2.23 km/sec), however, 
was well determined at B, while only two arrivals 
could be picked at A. This again demonstrates the 
erratic behavior of refracted arrivals from the 
sediments. 

There is a good possibility, based on comparison 
with Stations F-3 and F-5, that an additional layer 
with a velocity in the neighborhood of 3.6 km/sec 
should be shown for this station. The thickness of 
such a layer could not be more than about 1 km, 
and the total sedimentary thickness would be 
changed very little by computing thicknesses ac- 
cording to that assumption. 


DISCUSSION OF RESULTS: The crustal struc 
ture under the Norwegian Sea is significantly 
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NORWEGIAN AND GREENLAND SEAS 


different from that usually found under the 
deeper oceanic areas. The region is characterized 
py unusually large residuals in the ground-wave 
arrivals from the deeper layers. These probably 
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cant. The upper high-velocity layer (5.2 km/sec 
average) is fairly consistent, both in velocity 
and thickness; the velocities range between 
4.96 and 5.37 km/sec, and the thickness be- 


Structure Profile in the Norwegian Sea 
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Ficure 7.—CoMPARISON OF CONTINENTAL, ATLANTIC OCEAN Basin, AND NORWEGIAN SEA 
CRUSTAL SECTIONS 


result primarily from large irregularities in the 
deeper interfaces, although some of the scatter 
may be due to lateral velocity changes in the 
layers. As a result of these complications, some 
of the individual velocity determinations may 
have errors as great as 20 per cent. However, 
the five deep-water stations occupied in the 
area give results which are similar in many 
respects and for this reason the arithmetical 
average of the velocities is considered signifi- 


tween 2.5 and 3.0 km. The determinations of 
velocity in the deepest layer fall within a much 
wider range, 6.97-8.04 km/sec. The average 
velocity is 7.5 km/sec, and the depth of the 
layer is quite consistently 7 km + 0.7 km be- 
low sea level. 

The similarity of the structure of this area 
(a 2- to 3-km basement, velocity 5.2 km/sec 
over a substratum, velocity about 7.5 km/sec) 
with that of the Mid-Atlantic Ridge strongly 


supports the conclusion, based on the extension 
of the earthquake belt, that the Ridge structure 
extends far north of Iceland. The width of the 
Mid-Atlantic Ridge, as shown in Figure 3, is 
approximately equal to the width of the Nor- 
wegian Sea. Hence the entire Brito-Arctic 
petrographic province (e.g., Turner and Ver- 
hoogen, 1951, p. 188-194) may be considered 
as a Mid-Atlantic Ridge province, probably 
modified at both edges by contact with con- 
tinental rocks. Oceanic and continental crustal 
sections are compared with a representative 
section from the Norwegian Sea (Fig. 7); the 
minimum depth to an assumed 8.0 km/sec 
velocity is taken from Station 7. Figure 6 shows 
a cross section running approximately north- 
east from Station F-9 in the basin to F-3 on 
the shelf near Bear Island. 


CONTINENTAL SHELF AND SLOPE OF BRITAIN 
AND NORWAY 


Five stations were occupied on the conti- 
nental slope of Britain and Scandinavia, and 
three in the North Sea. Previous seismic work 
on the continental shelf and slope of the British 
Isles has been reported by Bullard and Gaskell 
(1941), Hill and King (1953), and Hill and 
Laughton (1954). These measurements, made 
in the English Channel and southwest of the 
Channel, determined average velocities of 2.09, 
3.01, 4.51, and 6.22 km/sec for unconsolidated 
sediment, semiconsolidated sediment, consoli- 
dated sediment, and basement, respectively. 
A decrease in velocity in the upper two layers 
is noticed on going from the Channel toward 
the edge of the shelf. The basement velocities 
which they report are somewhat higher than 
those (5 to 6 km/sec) found in most areas of 
the continental shelf of eastern North Amer- 
ica—e.g., Drake et al. (1957). In the present work, 
the highest velocity measured is about 5 km/sec 
(excepting an apparent value of 6.9 at Station 
E-10). In the discussion which follows, the 
material with velocity 4.85 to 5.11 km/sec is 
called “basement,” but velocities in this range 
were described by Hill and Laughton as con- 
solidated sediment. Velocities close to 5 km/sec 
were found for rocks of the Paleozoic floor in 
southeastern England (Bullard et al., 1940). 


Station E-10 (Pl. 5) 


This is an unreversed profile in the trough which 
extends southwesterly between Rockall Bank and 
Porcupine Bank west of the British Isles. It is not 
clear to which province this station should be 
assigned. The shot line follows the trough, with the 
receiving position in 1500 fm (2.75 km) at the 
southwest end of the line. The water depth varied 
only slightly along the line. 
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Unreversed velocities of 2.65, 3.22, and 6% 
km/sec were found for the semiconsolidated seqj. 
ments, consolidated sediments, and basement, 4 
velocity of 1.71 km/sec was assumed for the uncop. 
solidated sediments. The velocities and layer thick. 
nesses listed for the station in Table 2 were cal. 
lated on the assumption that the strata had m 
component of dip in the direction of the shot line 
In drawing the G, line on the travel-time graph for 
this station, the strongest points were satisfied, 
However, the few points in the range between {4 
and 26 seconds of D indicate an apparent velocity 
of about 5.5 km/sec. The line was not draw 
through these points, primarily because it would 
have passed well below the very strong arrival at 
range D = 11 seconds. In spite of this difficulty, 
the alternate interpretation should be considered, 
It would produce a section consisting of the same 
sedimentary layers (the 3.22 km/sec layer about 
1 km thinner) overlying a 5.5 km/sec layer, anda 
poorly determined deeper layer in which the ve- 
locity might be as high as 8 km/sec. Possibly this 
station belongs with the continental-rise group ot 
the Mid-Atlantic Ridge group, but the difficulties 
of interpretation and the lack of a reversed profile 
make its status uncertain. 


Station E-11, (Pl. 5) 


Station E-11 is approximately 180 miles north- 
east of Station E-10 and is also unreversed; the 
listening point is at the northeast end of the shot 
line. The water depth was approximately constant 
at 1100 fathoms (2.01 km). This is a very weak 
station. 

The results here show two refracting layers, 
identified as semiconsolidated sediments and base- 
ment, in which the velocities are respectively 2.08 
and 4.97 km/sec. The unconsolidated sediments 
were assumed to have a velocity of 1.71 km/sec. 
The semiconsolidated sediments are determined by 
strong arrivals for most of the shots, but some shots 
were apparently too small to produce good arrivals 
through the basement. The basement velocity is 
determined by two reasonably good and three weak 
arrivals. The better ones are at ranges of 11.1 and 
22.7 seconds. As in the preceding station, the 
accuracy of the results reported here depends on 
the assumption of no component of dip of the re- 
fracting layers in the direction of the shot line. 

The arrivals through the semiconsolidated layer 
(2.08 km/sec) were remarkably strong and consist- 
ent at this station. 


Station E-12 (Pl. 5) 

This station is about midway between the Faeroe 
Islands and the northern tip of Scotland. The water 
depth decreased from 600 fathoms (1.10 km) at A 
to 200 fathoms (0.37 km) at B; the bottom slopes 
at a fairly uniform rate except for a rather sharp 
rise of 200 fathoms near B. 

Most of the seismograms in the A profile were 
good, although the shots at ranges of 4.9 and 6.2 
sec were too small to show the basement arrivals. 
The unconsolidated and semiconsolidated sediments 
are well determined here; the velocities are 1.72 
and 2.24 km/sec respectively. These velocities are 
apparent (unreversed) since no sedimentary arrivals 
were recorded at B. Both ships recorded go 
basement arrivals which determine a true velocity 
of 4.91 km/sec. 

The failure to record sedimentary arrivals at B 
was due in part to equipment trouble. One set of 
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apparatus became inoperative before the station was 
fnished, and it was probably responding poorly on 
some of the later shots where the arrivals should 
have been observed. It is also possible that the 
sharp topographic rise near point B acted as a 
baffle for the sedimentary arrivals. In any event, 
it was necessary to make some assumptions about 
the sediments at B. Since this point is on the ridge 
which connects Faeroe Bank and Bill Bailey Bank 
with the mainland, it was assumed that there would 
be no unconsolidated sediments here; the very 
existence of the ridge suggests material fairly re- 
sistant to erosion. Accordingly, no unconsolidated 
sedimentary line is shown on the travel-time 
gaph, and the assumed line representing the semi- 
consolidated sediments was drawn tangent to Rj. 
The average thicknesses of the layers are thus 0.25 
km for the unconsolidated and 1.56 km for the 
semiconsolidated layer. 


Stations E-13 and E-14 (Pl. 5) 


Stations E-13 and E-14 are in the North Sea 
about 180 miles northeast of the Firth of Forth. 
The azimuth of the shot lines is approximately 
east-west. The water depth remained constant at 
50 fathoms (0.09 km) during all shooting runs. 
Although the stations are given separate numbers, 
they will be discussed jointly because of the end-to- 
end arrangement of the shot lines. 

In both locations the unconsolidated sediments 
have a velocity of 1.71 km/sec, and the semi- 
consolidated sediments a velocity of 2.26 km/sec. 
A basement velocity of 4.96 km/sec was found at 
E-13 and 4.85 km/sec at E-14. 

The total thickness of unconsolidated and semi- 
consolidated sediments averages about 3.2 km. A 
considerable amount of buried relief in the under- 
lying basement rock is indicated by the fact that 
the extensions of the basement lines in the travel- 
time graph intercept the time axis at position B by 
different amounts. Since the basement is masked 
for first arrivals over a range of about 20 km in the 
area surrounding point B, it is not possible to de- 
termine the exact configuration of the sediment- 
basement interface, but it apparently is faulted or 
otherwise offset by about 1 km in the neighborhood 
of B, and the west side is down relative to the east 
side. On each side of B the interface has an apparent 
- from A to C (east to west) of about 

to 5°. 


Station E-15 (Pl. 5) 


This station is in the North Sea at the northern 
edge of Dogger Bank in 20 fathoms of water. The 
velocities for the two upper layers (1.73 km/sec 
for unconsolidated sediments and 2.03 km/sec for 
semiconsolidated sediments) are in close agreement 
with E-13 and E-14, and probably those layers are 
continuous between the two locations. The com- 
bined thickness of the two layers, however, has 
diminished from approximately 3 km at E-13 and 
E-14 to about 1 km here, and the velocity in the 
next deeper layer is 3.00 km/sec as compared with 
490 km/sec at Stations 13 and 14. On the assump 
tion that the 3.00 km/sec layer (presumably con- 
solidated sediments) is underlain by the 4.90 


km/sec basement found at Stations 13 and 14, the 
minimum thickness of consolidated sediments has 
been computed to be 3.4 km. In view of the thinner 
cover of low-velocity sediments found here, it might 
be expected that, on the shallowest part of Dogger 
ank, the consolidated sediments are exposed on 
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the sea floor, and their greater resistance to erosion 
accounts for the existence of the bank. 
Station F-3 (Pl. 5) 

This station is on the continental shelf between 
Norway and Spitsbergen. The bottom sloped uni- 
formly along the shot lines from a depth of 250 
fathoms (457 m) at A to 200 fathoms (366 m) at B. 
The first few shots at A indicate a velocity of 3.48 
km/sec (presumably consolidated sediments). As- 
suming a velocity of 1.77 km/sec, the unconsoli- 
dated sediment is calculated to be 0.30 km thick 
at this end of the station. No shots at short range 
were received at B, hence data on sediment layers 
are missing. The dashed line on the travel-time 
curve represents the minimum velocity of 3.56 
km/sec for the consolidated sediments and a mini- 
mum thickness of 1.11 km for the unconsolidated 
sediments at this end of the station. The average 
thickness of the unconsolidated sediments is 0.70 
km. A single-refracting layer, velocity 5.11 km/sec, 
was found beneath the sediments. Both G; lines are 
offset by 0.2-0.3 sec near point A, indicating an 
increase of about 0.5 km in the depth to this layer. 


Station F-8 (Pl. 5) 


This station is on the continental slope west of 
Trondheim. Soundings showed a uniform slope 
from 330 fathoms (0.60 km) at A to 370 fathoms, 
(0.67 km) at B. 

The section consists of unconsolidated (1.66 
km/sec), semiconsolidated (2.08 km/sec), and con- 
solidated sediments (3.44 km/sec) overlying the 
basement (4.01 km/sec apparent velocity). 

All shots of the B profile produced strong ground- 
wave arrivals, but owing to equipment failure none 
was recorded in the A profile beyond a range of 
13 km (8.5 sec of direct water-wave travel time). 
The line representing basement in that profile was 
drawn to reverse the corresponding line in the B 
profile. The value 4.01 km/sec represents only the 
lower limit of possible velocities for the basement. 


DISCUSSION OF RESULTS: Reasonably good 
determinations of sediment velocity were made 
at most of the stations in this group. The veloc- 
ity in the unconsolidated sediments was meas- 
ured at five stations (average 1.7 km/sec) and 
was assumed at the others. In all except F-3, 
a semiconsolidated layer was found in which 
the average velocity is 2.2 km/sec; in all except 
E-11, E-12, E-13, and E-14, a consolidated layer 
with a velocity of 3.3 km/sec was present. The 
average velocity in the basement is 5.11 km/sec 
if all measurements are included and 4.96 
km/sec if we exclude stations E-10 and F-8, 
which are unreversed and deviate most from 
the average. As mentioned earlier, this velocity 
is intermediate between the values found for 
consolidated sediment and basement in the 
neighborhood of the English Channel (Bullard 
and Gaskell, 1941; Hill and King, 1953; Hill 
and Laughton, 1954). 

Within the rather wide limits imposed by the 
weakness of the data and the wide spacing of 
stations, Stations E-12, F-8, and F-3 offer no 
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contrast to typical continental-shelf stations 
elsewhere. The velocities in the central North 
Sea at Stations E-13, E-14, and E-15 are about 
the same as at the shelf stations mentioned 
above. Basement was not reached at Station 
E-15, but its depth is greater than 4 km, con- 
sistent with the concept of the North Sea as a 
sedimentary basin. The velocities found at the 
North Sea station are consistent with those 
reported for the adjacent stations in northwest 
Germany by Muhlen and Tuchel (1953), and 
in southeast England by Bullard et al. (1940). 

Stations E-10 and E-11, both unreversed, 
give only apparent velocities. If the basement 
slope is simply related to the topography, the 
true basement velocity might lie between the 
values found at these two stations (6.96 and 
4.97 km/sec). But if the apparent basement 
velocity at Station E-10 is not affected by 
slope, the similarity of this station to E-6 is 
noteworthy. 


CONTINENTAL MARGIN OF NORTH AMERICA 


The present work includes four stations on 
the continental slope of North America, one 
southeast of Cape May, New Jersey, and the 
other three near the southeastern tip of the 
Grand Banks. The results are in general agree- 
ment with the findings of other investigators 
who have worked in these areas (Ewing, Worzel, 
Steenland, and Press, 1950; Officer and Ewing, 
1954; Bentley and Worzel, 1956; Press and 
Beckmann, 1954; Drake et al., 1957). 


Station G-16 (Pl. 5) 


This station is on the continental slope off New 
Jersey, extending the Cape May profile (Ewing, 
Worzel, Steenland, and Press, 1950) to the 1250- 
fathom contour. 

The Cape May section is shown in Figure 8. 
The velocities found for the consolidated sediments 
and the basement complex (4.12 and 5.46 km/sec 
respectively) are in close agreement with the 
earlier work. The upper sediments are distinctly 
stratified in Station G-16, showing an unconsoli- 
dated layer (assumed velocity 1.68 km/sec) 0.68 km 
thick overlying a semiconsolidated layer (2.53 
km/sec) 1.89 km thick. The stations on the shelf 
show the unconsolidated sediments to be 1.52 km 
thick near the slope, and no semiconsolidated sedi- 
ments were found. 

The profiles on the shelf were not long enough 
to penetrate to a sub-basement layer. Station G-16, 
however, shows that the basement complex is 5.2 
km thick and is underlain by material with a ve- 
locity of 7.13 km/sec. Although no deeper refracting 
layer was found, a minimum depth calculation 
shows that the mantle with an assumed velocity of 
8.0 km/sec must lie at a depth of at least 18 km. 


Station E-2 (Pl. 5) 
This is an unreversed station about 15 miles in 
sength along the 2000-fathom curve east of the 


Grand Banks. The layer thicknesses are calculated 
on the assumption that there is no dip in the diree. 
tion of the shot line. The section thus obtained 
shows 0.1 km of unconsolidated sediment (1,73 
km/sec), 1.5 km semiconsolidated sediment (24 
km/sec), 2.9 km of consolidated sediment (3,3) 
km/sec) overlying the basement (6.22 km/sec) 


Station A-173-14 (Pl. 5) 


This unreversed station is on the continent] 
slope at the southern tip of the Grand Banks gt 
the northwestern end of the Newfoundland Rig. 
The water depth is 1340 fathoms (2.45 km). The 
section shows 0.62 km of unconsolidated sediment 
(1.70 km/sec, assumed), 2.02 km of semiconsol- 
dated sediment (2.46 km/sec), 1.06 km of consol- 
dated sediment (3.80 km/sec) overlying the base. 
ment (5.80 km/sec). 


Station A-173-13 (Pl. 5) 


This station is on the continental slope east of 
the Grand Banks in 1310 fathoms (2.39 km). The 
section shows 0.49 km of unconsolidated sediment 
(1.70 km/sec, assumed), 2.14 km of semiconsoli- 
dated sediment (2.66 km/sec), 2.31 km of consoli- 
dated sediment (4.28 km/sec) overlying the base- 
ment (5.69 km/sec). 

The measurements at the last three stations may 
be summarized by the following averages: 


Velocity Thickness 


km/sec km 
Unconsolidated sediments (1.7) 0.6 
Semiconsolidated sediments 2.4 1.9 
Consolidated sediments 3.8 21 
Basement 5.9 - 


These should be compared with observations at 
several stations on the Grand Banks and along a 
line reaching beyond the foot of the continental 
slope south of Cape Race reported by Press and 
Beckmann (1954) and Bentley and Worzel (1956). 

DISCUSSION OF RESULTS: In the Grand Banks 
area a semiconsolidated sediment layer, velocity 
about 2.5 km/sec, is present at all stations on 
the continental slope and extends well up on 
the continental shelf. A consolidated-sediment 
layer, velocity about 4.0 km/sec, is found at all 
stations. A basement layer, velocity about 5.6 
km/sec, is found at all stations except A-173-6, 
the most southerly one on the line reported by 
Bentley and Worzel. This station is in 2600 
fathoms and is an ocean-basin station. Despite 
the velocity, 6.2 km/sec, the deepest layer in 
the unreversed station E-2 is correlated with 
the 5.6 basement on the assumption that slope 
has produced a high apparent velocity. 

In the three stations reported here the maxi- 
mum shot distances were insufficient to show 
the sub-basement layer (7.5 + km/sec) found 
at the three offshore stations of Bentley and 
Worzel. 

Station G-16 extends the Cape May, New 
Jersey, section (Ewing, Worzel, Steenland, and 
Press, 1950) to the 1200-fathom curve on the 
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CONTINENTAL MARGIN OF NORTH AMERICA 


continental slope. There is good agreement with 
the earlier work of the velocities in the sedi- 
mentary layers and in crystalline basement. In 
addition, the new station measures the thick- 
ness of the basement complex and determines 
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the Mid-Atlantic Ridge and its admixture with 
mantle material. 

The mid-ocean ridge system is worldwide in 
extent (Ewing and Heezen, 1956) and generally 
follows a course midway between continental 


DEPTH IN KILOMETERS 
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FicurE 8.—STRUCTURE SECTION SOUTHEAST OF CAPE May, NEW JERSEY 


Section from 0 to 120 miles taken from Ewing, Worzel, Steenland, and Press (1950) 


a velocity of 7.13 km/sec for the sub-basement. 
The entire Cape May section is shown in Fig- 
ure 8. 


SUMMARY 


The seismic measurements described in this 
paper have produced considerable data on the 
crustal and subcrustal structure of the earth 
at several locations in the Atlantic Ocean and 
in the Norwegian Sea. The observations made 
on the continental margins and in the Mediter- 
ranean Sea are inadequate for a comprehensive 
study of these areas but should be useful as a 
guide in future investigations or for comparison 
with other data. 

The present work gives additional evidence 
that the oceanic crust is basaltic and generally 
about 5 km thick. It also shows that the Mid- 
Atlantic Ridge is a zone about 700 miles wide 
in which the crustal thickness is 25-30 km. From 
observed velocities and outcrops it is concluded 
that the upper 3-4 km are basaltic volcanic 
rocks which are underlain by a layer 20-25 km 
thick which is considered to be a mixture of 
basalt and mantle material. 

Wager (1958), in a review of the petrological 
evidence on the composition of the crust and 
mantle, concluded that the solid mantle formed 
by settling of crystals, leaving an interprecipi- 
tate basaltic liquid which formed the oceanic 
trust. He attributes present-day basaltic lavas 
to the continued expulsion of interprecipitate 
liquid. Some additional mechanism is required 
to account ior the concentration of basalt under 


masses, suggesting that it is as old as the 
continents themselves. A narrow median rift is 
apparently a characteristic feature. The seismic 
epicenter belt and the recent volcanoes follow 
the median rift very closely. The thermal 
flux through the ridges is several times greater 
than the average for ocean basins (Revelle, 
1958; M. N. Hill, personal communication). 
On the East Pacific Rise, which Revelle reports 
as a region of definitely high heat flow, no 
seismic velocities greater than 7.5 km/sec were 
recorded, in good agreement with the Mid- 
Atlantic Ridge seismic results. 

All these conditions would result from con- 
vection with rising currents under the mid- 
ocean ridges. These currents are now supplying 
magma and exerting extensional forces on the 
ridges. Apparently this is the convection system 
which determined the location of the continents. 
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QUATERNARY GEOLOGY OF THE BENGAL BASIN, EAST PAKISTAN 
AND INDIA 


By James P. Morcan G. MCcINTIRE 


ABSTRACT 


Reconnaissance of the Bengal provinces of East Pakistan and India indicates that 
structural activity, primarily faulting, has significantly influenced Quaternary geology. 
Two areas of Pleistocene terrace border the Bengal basin on the east and west and flank 
Tertiary and older hills of India. Two large inliers of Pleistocene sediments within the 
basin are surrounded by Recent flood-plain deposits of the Ganges and Brahmaputra 
rivers and their combined deltaic plain. 

Block faulting and echelon faulting have so disturbed the topography of the Pleistocene 
terrace that the reconnaissance was insufficient to permit determination of whether 
multiple terraces are present within the basin. Faulting and structural uplift have con- 
tinued into the Recent epoch, necessitating a physiographic subdivision into an early and 
a late phase. 

Changes in the courses of the Ganges and Brahmaputra rivers through Bengal during 
the last few hundred years can be attributed to faulting and resultant tilting of fault 
blocks. These changes have caused the Ganges to abandon numerous western distribu- 
taries in favor of joining the Brahmaputra-Meghna system to the southeast. At present 
about 12,000 square miles of former Ganges deltaic plain in southwest Bengal has been 
abandoned. 

A series of surface echelon faults plus evidence of structural control of stream courses 
suggest the presence of a subsiding structural trough or major fault at depth. This active 
structural zone apparently has controlled both the Brahmaputra and Ganges rivers in 
their lower reaches. Subsurface information is lacking, but this subsiding trough may 
possibly be related to the arcuate chain of mountains in adjacent Burma. 


CONTENTS 


ILLUSTRATIONS 


Figure Page 
321 2. Index map showing locations within the 
Physiographic units of the Bengal Basin...... 323 3. Quaternary geology of the Bengal Basin.... 324 
323 4. Composite grain-size curves of Pleistocene 
General statement..................... 323 and Recent sediments of Bengal........ 325 
Multiple terrace concept................ 324 5. Drainage map of the Pleistocene Barind 
Terraces flanking the Bengal Basin... ... 326 surface......... 327 
———. ........... 326 ©. Profiles across Pleistocene and Recent sur- 
Minor Pleistocene units................ 331 7. Rectangular drainage pattern of uplifted, 
—— Ll! 332 early Recent surface contrasted with 
P 8. Map of earthquake epicenters since 1900.. 337 
General 333 9. Structural forces affecting the Bengal 
1. Fault scarps of the Sylhet Basin and Mad- 
Structural modification of Quaternary sedi- 2. Pleistocene terrace characteristics. ........ 331 


Faulting and folding in the Bengal Basin... 335 TABLE 
Causes of echelon faulting................ 335 Table Page 
340 1. Evidence of subsidence in the Recent 


TEXT 
| 
319 


320 


INTRODUCTION 


A geological reconnaissance of the Bengal 
provinces of East Pakistan and India was made 
from November 1955 through April 1956, 
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less. Correlation of high tides with deltaic 
sedimentation will be considered in a subse. 
quent paper. The third problem concerned the 
“older alluvium” of earlier writers (Ball, 1877 
p. 69; Hirst, 1916, p. 10; Majumdar, 1949, 9 
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principally to determine the morphology of the 
deltaic complex of the Ganges, Brahmaputra, 
and Meghna rivers and their distributaries 
(Fig. 1). Field techniques established through 
studies of the Mississippi River delta were 
applied to this larger, relatively unknown 
deltaic complex. Subsequent publications will 
compare these deltaic regions. Three major 
problems were recognized at the onset. First, 
the Ganges - Brahmaputra - Meghna delta, 
roughly twice the size of the Mississippi delta, 
has not been building seaward into the Bay of 
Bengal at anything like a normal rate for the 
last 200 years. This has been emphasized in the 
literature and is easily established by map 
comparisons. Second, lunar tides affecting the 
Bengal delia average 10 feet or more; those of 
the Mississippi River delta average 2 feet or 


58; Oldham et al., 1859, p. 266; Spate, 1954, p. 
24). A. I. H. Rizvi (1955, unpub. PhD thesis, 
Louisiana State Univ.) and Wadia (1949, p. 
287) have suggested that the “‘older alluvium” 
of Bengal is Pleistocene terrace material. The 
present writers hoped to establish conclusively 
whether or not this was correct and, if s0, 
whether there were multiple Pleistocene 
terraces in Bengal similar to those mapped in 
the Mississippi Alluvial Valley. 

There are four major areas of “older al- 
luvium” in Bengal. The first area studied was 
the Madhupur Jungle, north of Dacca. Pre- 
liminary field work revealed that the Madhupur 
“old alluvium” is almost identical with the 
terrace material of the Gulf Coast. It stands 
appreciably higher than the surrounding flood 
plains, is composed of well-oxidized alluvial 
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sediments, compares in grain size with Recent 
flood-plain sediments, and displays sedimentary 
properties (such as stream cross-bedding) 
indicative of alluvial origin. 

Prior to making aneroid barometer profiles 
to establish terrace surface levels, the writers 
studied aerial photographs of the region which 
showed that the western border of the Madhu- 
pur Pleistocene block (approximately 60 miles 
long) is delineated by six echelon faults. In 
addition, 10 or more secondary faults subdivide 
the block. Further interpretation of aerial 
photographs established that alluvial proc- 
esses in northern Bengal have been controlled 
by Quaternary structural activity. The field 
program was modified to permit evaluation of 
this activity. 

The area studied exceeds 70,000 square miles. 
Climatic conditions limited the field season to 
about 4 months and prevented the writers from 
making more than a reconnaissance study. 
\erial photographs and observations were 
used extensively and conclusions are based 
upon interpretation of photographs coupled 
with as much field work as was possible within 
the time available. 
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PHysICAL CHARACTERISTICS OF BENGAL 


Bengal consists primarily of a large alluvial 
basin floored with Quaternary sediments de- 
posited by the Ganges and Brahmaputra rivers 
and their numerous associated streams and 
distributaries. Much has been written about 
the physical characteristics of the Bengal area 
(Ascoli, 1910; Bagchi, 1944; Colebrooke, 1803; 
Muckerjee, 1938; Vredenburg, 1908; Will- 
cocks, 1930). Figure 2 indicates the extent of 
the Bengal Basin. 

The Geologic Map of India (West, 1949) 
indicates the Rajmahal Hills, which border the 
basin on the northwest and west, are composed 
of trap and are considered to be Lower Jurassic 
of the Upper Gondwana system (Ball, 1877, 
p. 1-94). The hills and trap plateaus range from 
500 to 800 feet above sea level, although some 
individual hills exceed 1500 feet in elevation. 
Physiographically the hill section is sharply 
differentiated from the lower, flat, Quarternary 
alluvial and deltaic surfaces to the east. 

The Bengal Basin is bounded on the north- 
east by the Shillong or Assam Plateau, locally 
known, from west to east, as the Garo, Khasi, 
and Jaintia hills. The plateau measures about 
60 miles from north to south, about 150 miles 
from east to west, and is surrounded on the 
north, west, and south by low river basins. The 
basement rocks of the Shillong Plateau are 
intensely contorted Archean quartzites, slates, 
and schists, with masses of granitic intrusions 
and basic interbedded traps (Wadia, 1949, p. 
76). The basement rocks are overlain by 
horizontal Eocene sandstones and nummulitic 
limestones (Wadia, 1949, p. 249). Elevations of 
the plateau summit range between 4500 and 
6000 feet. The slope, approximating 500 feet per 
mile in places, breaks off abruptly from the 
plateau to the Sylhet Basin. It is an eroded 
fault scarp in the west (PI. 1, fig. 1) and passes 
into a monoclinal fold toward the east (Krishnan, 
1953, p. 58). 
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Bengal Basin eastern limits are the Tripura 
Hills to the north and the Chittagong Hills to 
the south. The Geological Map of India (West, 
1949) indicates they are composed of sediments 
of Paleocene through Pliocene age and include 
a representative section of Siwalik system 
sediments. The Chittagong-Tripura Hills are 
formed by folded sediments whose folding 
axes form an arc convex toward the west. The 
northern Tripura Hills include a series of 


plunging anticlines which die out under the 
overlapping Recent sediments of the Sylhet 
Basin. The Pakistan-India border follows the 
base of the hills, and border restrictions limited 
the field work in the hills proper. The folded 
terrane ranges from a few hundred feet to about 
2000 feet above sea level. The folded, forested, 
sparsely populated hill tracts differ radically 
from the flat alluvial plains to the west. 

The Bengal Basin is floored with Quaternary 
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PHYSICAL CHARACTERISTICS OF BEN”AL 


sediments deposited by the Ganges, Brahma- 
putra, and Meghna rivers and their numerous 
distributaries. The Ganges discharges into the 
basin from the northwest after having drained 
the foothills of the Himalaya Mountain 
System over more than 1500 miles (Fig. 1). 
The Brahmaputra enters the basin from the 
northeast. It drains the northern slope of the 
Himalaya system by way of its principal 
tributary, the Tsangpo River of Tibet. The 
combined length of the Tsangpo and Brahma- 
putra rivers is 1800 miles. Headwaters of both 
the Ganges and Brahmaputra systems lie in the 
vicinity of the crest of the Himalaya Moun- 
tains. The Meghna river system drains the 
Sylhet Basin and parts of the adjacent Shillong 
Plateau and Tripura Hills (Fig. 2). 

Discharge and sedimentary load figures are, 
in general, unavailable for the Bengal rivers, 
but for comparison, maximum flow of the 
Ganges River is on the order of 1.5 million 
cubic feet per second, whereas the Brahmaputra 
maximum flow probably exceeds 2 million 
cubic feet per second (Chatterjee, 1949, p. 
10-11). The maximum measured flood on the 
Mississippi River carried about 2.4 million 
cubic feet per second; thus the Bengal deltaic 
plain has been developed by two rivers which 
are of the same order of magnitude as the 
Mississippi River. 


PHYSIOGRAPHIC UNITS OF THE BENGAL BASIN 
Pleistocene 


General statement.—Figure 3 shows the dis- 
tribution of Pleistocene alluvial terraces in the 
Bengal Basin. The four main areas of Pleisto- 
cene sediments and several smaller outliers 
stand topographically above the active flood 
plains. Of the four areas, two flank the basin; 
one is east of the Rajmahal Hill system, and the 
other is west of the folded Tripura Hills. Time 
did not permit more than a casual investigation 


| of these areas. 


The other two major areas of Pleistocene 
sediments lie within the Bengal Basin and are 
known as the Barind and the Madhupur 
Jungle. In addition to these are three small 
outliers which must be considered separately, 
tamely the Lalmai Hills near the eastern 
fank of the Bengal Basin, the Sylhet Hills 
north of the town of Sylhet, and the Chhatak 
Hills 15 miles northwest of Sylhet. These areas 
have be n mapped as Pleistocene (Fig. 3) be- 
cause of their sedimentary properties and 
physiographic expression. The Lalmai Hills 
consist of an uplifted Pleistocene block bounded 
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by faults. The other two areas may have had 
similar origins, but no faults are evident, 
possibly because of the rapid destruction oi 
fault scarps by the monsoonal rainfall. 

Sediments examined in the Pleistocene areas 
of Bengal were deposited as flood plains of 
earlier Ganges-Brahmaputra river systems. As 
far as grain size and mineral content are con- 
cerned, Pleistocene sediments are almost 
identical with those of the Recent flood plain. 
Grain-size analyses of 39 samples of Recent 
sediments collected over the entire Bengal 
Basin are plotted as two composite curves 
(A of Fig. 4), one representing well-sorted 
beach and towhead-island sands, and the other 
representing poorly sorted flood-plain and 
deltaic-plain sediments. Well-sorted sand is not 
as abundant in the Bengal Basin as might be 
inferred from the cumulative curves. Cumu- 
lative curves made from 16 samples of Pleisto- 
cene sediments are given in B of Figure 4. 
These are subdivided into average terrace 
samples and a few analyses of Pleistocene 
terrace sands (probably remnant towhead 
islands). Pleistocene and Recent samples do not 
differ in maximum grain size, but an excess of 
very fine-grained material is found in the 
Pleistocene samples. This could be related to 
weathering or pedogenesis. 

Despite the similarity in grain size between 
Pleistocene and Recent sediments, field dif- 
ferentiation is simple. Recent sediments are 
typically dark, loosely compacted, and have a 
high water content and variable but appreciable 
quantities of organic material. Pleistocene 
sediments, on the other hand, are well oxidized 
and typically are reddish, brown, or tan, and 
are mottled. They commonly contain fer- 
ruginous or calcareous nodules. Water content 
is lower, resulting in firmer, more compacted 
material. Organic material in Pleistocene 
sediments is commonly confined to the surface 
soil profile. 

The Pleistocene sediments are flood-plain 
deposits of earlier Ganges and Brahmaputra 
rivers. That they occur in several extensive 
areas above the level of present flood plains 
indicates that there has been differential 
movement between Pleistocene and Recent 
time. Differential relief between Pleistocene 
and Recent flood plains is extremely variable. 
Where fault scarps occur, as along the west 
flank of the Madhupur Jungle and around the 
Lalmai Hills, the relief is obvious. Where the 
Ganges River flows close to the southern end 
of the Barind, the relief is considerable. In 
other places, notably along the Pleistocene 
areas which flank the Bengal Basin on the east 
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and west, along the northeast and west sides of 
the Barind, and along the eastern and southern 
sides of the Madhupur, the Pleistocene slopes 
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entrenched, meandering courses. Local relief js 
much greater. In order to cultivate rice, the 
staple commodity of Bengal, natives haye 
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gradually beaneath the overlapping Recent 
sediments. 
Pleistocene and Recent surfaces can be 


differentiated readily on aerial photographs on 
the basis of tone, texture, and drainage pat- 
terns. Most of the Recent flood plain of the 
Bengal Basin is under water during the mon- 
soon, and the surface is covered with stream 
scars of active and abandoned stream systems. 
The Pleistocene areas stand above monsoonal 
floods and are drained by a relatively few small 
streams which have developed distinctive, 


laboriously leveled and paddied the valleys of 
the small tributary dendritic streams; this 
leads to a distinctive pattern on aerial photo- 
graphs which emphasizes minor local relief 
(Pl. 1, fig. 2). 

Multiple terrace concept.—The development 
of Quaternary multiple alluvial terraces In 
major deltaic areas has been established in 
several parts of the world (Barbour, 1935; 
DeTerra, 1943, p. 271-339; Fisk, 1944; LeBlanc 
and Bernard, 1954; Russell, 1940, 1942). The 
development of multiple terraces, as recon- 


i 

| 
| 

2 3} JY o ger 
| 
| 
| 


TIVONAG dO SINAWIGAG INADAY a 


NV ANAOOLSIATY SAANND AZIG-NIVAD ALISOAWOD—'f 


‘spues 9981193 Jo saskjeue 


SJUSUNIPIg 


Vv 


(ssByo) 
‘spuBjs! peaymol pue spues jo sasAjeuR 


‘squawipas ulejd-poojy jo saskjeue ¢z [ 


SJUIWIIPIg 


| ws 


$000 soo $0 t 


PHYSIOGRAPHIC UNITS OF THE BENGAL BASIN 


0 
a 
02 
ot 
os 

A. 
A 06 


| relief js 
rice, the 


es have 


22° 
evs of 
thi 
yhoto- 

relief 
pment 


ed in 

1935; 
Blanc 
The 
recon- 


325 

| 

in 


326 


structed from the Mississippi River deltaic 
region, is summarized herein. 

During Pleistocene time, sea level fluctuated 
in response to the quantity of glacial ice on the 
continents. With each glacial advance, sea level 
dropped. In the Gulf Coast there were five 
such sea-level lowerings. During each, the 
gradients of major streams discharging into the 
Gulf abruptly increased. This resulted in rapid 
headward erosion and scour of stream valleys 
to a new base level 400 to 500 feet lower than 
that at present. With waning of the glaciers, 
sea level came back to a higher stand, and the 
entrenched valleys gradually lost their estuar- 
ine character through filling with alluvial 
sediments. 

The interglacial periods, however, were of 
much greater duration than the glacial periods. 
During the long interglacial periods, the Gulf 
Coast geosyncline, a long, broad, sediment- 
filled trough roughly paralleling the coast line, 
continued subsiding, and compensatory inland 
uplift occurred. The combined effects of sea- 
ward subsidence and landward uplift have 
caused a warping of the older alluvial deposits. 
Four Pleistocene terraces and a Recent alluvial 
surface in the Gulf Coast can be related to five 
glacial and interglacial periods. The oldest 
terrace has been subjected to greater uplift 
landward and corresponding subsidence sea- 
ward, with the result that it is physiographically 
the highest-standing terrace surface inland, and 
seaward it is the most deeply buried Pleistocene 
geologic unit. The youngest terrace for the 
same reasons is lowest physiographically and 
shallowest in the subsurface. There is then a 
series of four alluvial terraces inland passing 
through respective hinge lines into buried 
alluvial and deltaic sequences seaward. In 
the Gulf Coast of the United States, the oldest 
terrace, because of its age and greater elevation, 
has been weathered and eroded most. Hence its 
sediments are more completely oxidized, and 
physiographically it is more rolling and exhibits 
greater relief. 

The four-terrace system has been based upon 
detailed mapping and recognition of a series of 
alluvial flats with elevations sloping seaward 
toward each respective hinge line. Seaward 
slopes of the four terraces steepen from youngest 
to oldest, indicating the increasing length 
of time they have been subjected to tilting 
through geosynclinal downwarping. 

Prior to field work in the Bengal Basin the 
possibility of multiple Pleistocene terraces was 
anticipated. Earlier writers (A.IL.H. Rizvi, 
1955, unpub. PhD thesis, Louisiana State 
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Univ.) had described the “old alluvium” x 
high-standing, highly oxidized, and Possessing 
many properties of Gulf Coast Pleistocene 
terraces. The  east-west-trending Ganges: 
Brahmaputra Valley has been described as q 
foredeep flanking the front of the convey 
Himalaya Mountain chain (Krishman, 1953, 
p. 81-82). The subsiding trough has ae. 
cumulated sediments perhaps on the order of 
10,000 feet thick (Krishman, 1953, p. 82). The 
relationship of the Bengal Basin to this trough 
is not known, but during the Quaternary the 
Ganges, Brahmaputra, and Meghna rivers have 
been contributing enormous quantities of 
alluvium to the basin. The problem was to 
determine whether the Bengal Basin has been 
subsiding like the Gulf Coast Geosyncline, with 
compensating uplift and tilting of the Pleisto- 
cene to the north. 

Terraces flanking the Bengal Basin.—No 
field work was done in the far western area 
flanking the Rajmahal Hills or the far eastem 
area flanking the Tripura Hills. They have been 
mapped (Fig. 3) as Pleistocene for the following 
reasons. Topographically they stand lower than 
the flanking hills on the sides but higher than 
the adjacent flood plain. On aerial photographs 
distinct tonal differences separate the Tertiary 
or older-hill areas and the areas mapped as 
Pleistocene. The drainage patterns of the 
valley-flank areas are similar to those of the 
Barind and Madhupur Jungle which have been 
studied. Modification of the dendritic stream 
valley bottoms into rice paddies indicates relief 
similar to that of known Pleistocene areas. 
Earlier workers have described both old and 
new alluvium as flanking the hills but did not 
attempt to differentiate or map the units 
(Ball, 1877; Oldham et al., 1859). 

The Barind.—The Pleistocene area called the 
Barind is the largest of the Bengal Basin units; 
it covers about 3600 square miles (Fig. 3). It 
has long been recognized as “old alluvium” 
differing from the surrounding Recent flood 
plain. Figure 5 shows the limits of the Barind 
and its relationship to the regional drainage 
system. It has been mapped as four distinct 
Pleistocene bodies separated by long, narrow 
Recent alluvial river valleys. The flood plain 
of the Mahananda River flanks the west side; 
the Karatoya River delineates the eastern 
margin. The Purnabhaba, Atrai, and Jamuna 
rivers with headwaters in the Himalaya foot- 
hills have cut across the Pleistocene, and their 
flood plains delineate the four units. These and 
numerous other streams have deposited 4 
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Ficure 5.—DRAINAGE Map OF THE PLEISTOCENE BARIND SURFACE 


broad piedmont alluvial plain which overlaps 
the northern flank of the Barind. 

Figure 6A is an approximate north-south 
profile across the alluvial plain and through 
the cities of Jalpaiguri, Dinajpur, Murshidabad, 


and Calcutta. The profile illustrates three main 
physiographic units of the Barind and adjacent 
areas. To the north is the alluvial fan surface 
of the Himalaya foothills which has a southerly 
slope of approximately 2.3 feet per mile. This 
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surface overlaps the Barind, which has es- 
sentially a flat or slightly domed surface. 
South of the Barind is the Recent flood plain 
with a southerly slope of approximately 0.3 feet 


MORGAN AND McINTIRE—QUATERNARY GEOLOGY, BENGAL BASIN 


Jamuna River, suggesting southwest tilting oj 
the uplifted block. 

From 1764 to 1773, Major James Rennel 
mapped Bengal for the British Government 
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FIGURE 6.—PROFILEs ACROss PLEISTOCENE AND RECENT SURFACES 
(Profile locations shown on Figure 2) 


per mile. Not enough surveyed elevations exist 
on the Barind surface to establish accurate 
slopes; however, the domed appearance in the 
profile is probably typical. 

In the Barind, three distinctive stream- 
pattern types are evident (Fig. 5). North of the 
Pleistocene Barind are many small braiding 
streams which have built a broad piedmont 
alluvial plain along the foothills of the Him- 
alaya. Major streams of this alluvial plain 
(including the Atrai and Purnabhaba) have 
entrenched valleys across the Barind surface. 
Numerous small, tightly meandering streams on 
the Pleistocene have developed an over-all 
dendritic pattern and flow into the more im- 
portant north-south rivers (Pl. 2, fig. 1). 
Flanking the remainder of the Pleistocene 
inlier are low-gradient, sluggish, meandering 
and braiding streams of the Recent flood plain. 

Bounding the northeast flank of the Barind is 
a northwest-southeast fault 40 miles long, 
upthrown to the southwest (Fig. 5). This fault 
has controlled the course of the Karatoya 
River. All minor streams draining the eastern 
portion of the Barind flow southwest into the 


(Rennell, 1781). His surveys were exceedingly 
accurate for the time, and many geologists 
have used Rennell’s maps to determine river 
changes since his time. The present writers 
have compared overlays of these maps (scale 
4 miles to the inch) with modern maps of the 
Barind region. Several differences become 
immediately apparent. The Karatoya River has 
maintained essentially the same course along 
the northeast flank of the Barind. Its southern 
extension past Bogra, however, has been 
abandoned in favor of a more direct route to the 
Brahmaputra by way of the Bangali River 
(Fig. 5). 

About 10 miles north of Bogra is another 
small river (the Nagar) that in Rennell’s time 
was connected with the Karatoya and carried 
appreciable flow southwest across the Barind 
to the Jamuna River (Fig. 5). Its junction with 
the Karatoya is now virtually severed, and it 
serves primarily as local drainage for the 
Barind. 

At the time of Rennell’s mapping (1779), 
the foothills in this region were drained prin- 
cipally by the Tista River which, near Jal- 
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paiguri, branched and followed the course of 
the Dhepa-Purnabhaba to the southwest, the 
Atrai due south, and the Jamuna to the south- 
east. These streams discharged into the Ganges 
River. The Atrai seems to have been the major 
channel in the late 1700’s, the Purnabhaba of 
secondary importance, and the Jamuna well on 
its way toward extinction. On Rennell’s map 
“Teestah Creek’? was a small unimportant 
distributary of the Tista River which dis- 
charged southeast from the Atrai near Jal- 
paiguri. The fact that it was named Teestah 
Creek is taken by some to imply that it was an 
old abandoned channel of the main river. 
Subsequent to Rennell’s mapping, Tista Creek 
has taken the full low-water flow of the entire 
Tista system at the expense of the Purnabhaba, 
Atrai, and Jamuna rivers and now discharges 
into the Brahmaputra system rather than the 
Ganges. According to LaTouche (1910, p. 22) 
the change occurred suddenly in 1787 during a 
single flood. At present the Purnabhaba, Atrai, 
and Jamuna rivers still carry some flood flow, 
but they can be considered as antecedent 
streams carrying mainly local runoff waters of 
the Barind surface. 

Although changes in the Karatoya, Nagar, 
and Tista rivers occurred during floods and 
seemingly were normal alluvial stream diver- 
sions, it is significant that they can be inte- 
grated with the Karatoya River fault. Numer- 
ous earthquakes have affected the region, 
suggesting active structural movements. Gupta 
(1910, p. 74) notes major earthquakes in 1885, 
1888, and 1897. The Gazetteer of the Dacca 
district (Allen, 1912, p. 130-131) noted that 
there were also major quakes in 1762, 1775, and 
1812. 

Periodic disastrous earthquakes, the major 
changes in stream diversions, and the south- 
westward tilting of the eastern part of the 
Barind along a major fault all suggest the 
importance of structural activity in this region. 

The southwest part of the Barind and ad- 
jacent flood plain has recently been surveyed by 
field parties of the Standard Vacuum Oil 
Company. Contouring of the surveyed portion 
of the Barind suggests that two terrace levels 
may be present. One level occurs at 130 feet 
above sea level; a second, less definite surface is 
at 65 to 75 feet above sea level. Available data 
permit only a suggestion that two terraces may 
be present. It is not known whether the sur- 
laces are an indication of multiple terraces in 
Bengal or if they reflect structural activity. 

Madhupur Jungle area—The fourth major 
unit of Pleistocene terrace in the Bengal Basin 
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is the region north of the city of Dacca called 
the Madhupur or Madhupur Jungle (Fig. 3). 
This 1585 square mile area for many years has 
been recognized as “old alluvium.” A.I.H. 
Rizvi (1955, unpub. PhD thesis, Louisiana 
State Univ.) and Wadia (1949, p. 287) recog- 
nized that it could be Pleistocene terrace. 
Elevations on the Madhupur surface range 
from about 20 feet on the south and east to a 
maximum of about 100 feet above sea level. 
Generally the higher elevations are on the west, 
and the entire unit dips east and south beneath 
the overlapping Recent flood plain. Structural 
implications of the eastward dip of the “old 
alluvium” were recognized by Fergusson 
(1863), Hirst (1916), and others. Fergusson 
believed that the Madhupur region had been 
uplifted in very recent times and referred to the 
earthquake of 1762 which was accompanied by 
elevation and subsidence of large tracts of land. 
He suggested (p. 329) that the Madhupur 
Jungle occurs along the “axis of the belt of 
volcano action” which extends northwest 
through Chittagong and Dacca from the Sunda 
Island arc. Fergusson considered that the 
numerous low lakes in the Sylhet Basin may 
have been caused by subsidence compensatory 
to the elevation of the Madhupur Jungle. 

Hirst (1916, p. 9-10) suggested that both the 
Barind and Madhupur Jungle areas were 
elevated 


“as compensation to a line of subsidence passing 
approximately from Jalpaiguri to the sea, down the 
alignment of the present Meghna River’’. 


He considered the elevated tracts to be “‘old 
alluvium” representing a formerly continuous 
surface which had been uplifted locally. As 
evidence he cited a few borings which indicate 
similar stratigraphic sections in widely sepa- 
rated areas and also called attention to “hanging 
stream beds” in the Madhupur north of Dacca. 
Hirst further cited several points as proof for a 
zone of subsidence along a line passing from 
“Jalpaiguri to a point to the east of Barisal” 
(Fig. 2). Some of his observations concerning 
river changes and abnormally slow delta growth 
at the mouth of the Meghna River are pertinent 
and will be mentioned later. 

A remarkable characteristic of the Madhupur 
is the abrupt western margin separating the 
low, flat, flood plain from the uneven, highly 
dissected Pleistocene surface. The entire, 
irregular western margin is formed by a series 
of six echelon faults ranging from 6 to 13 miles 
long (Fig. 3). The eastern side of each fault is 
upthrown, and surface relief indicates a 
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minimum throw of 20 to 60 feet. Figure 2 of 
Plate 1 is an aerial view of three echelon faults 
toward the northern end of the Madhupur. 
The flood plain is on the west, and the highly 
dissected Pleistocene of the uplifted block is on 
the east. The dendritic stream pattern of the 
Madhupur is emphasized by the dense jungle 
cover on the ridges and artificially flattened 
paddied stream valleys. Figure 2 of Plate 2 is 
a view south along the most northerly of the 
group of echelon faults. The fault scarp at this 
locality has a surface throw in excess of 50 
feet. A line of elevations, furnished by the 
Standard Vacuum Oil Company, has been 
used to compile an east-west profile across the 
Madhupur Jungle. The profile (Fig. 6B) runs 
northeast from the flood plain of the Brahma- 
putra River toward the town of Mymensingh 
(see Fig. 2 for location of profile). This profile 
does not show the maximum relief of the 
Madhupur, for it follows a road which takes 
advantage of a stream valley across the scarp 
face. Nevertheless it illustrates graphically the 
eastward tilting which has taken place in the 
Madhupur Pleistocene block. 

The Madhupur Pleistocene island has 
figured prominently in the Recent history of the 
Brahmaputra River. The earliest evidence of 
the Brahmaputra River in the Bengal Basin 
consists of a group of large Brahmaputra-size 
river scars which extend into the Sylhet Basin 
flanking the southern edge of the Shillong 
Plateau. One of the low, flooded areas (called 
haors) is shown on Figure 3 (Matian-Sanir 
Haor). The main river apparently extended east 
beyond this locality and then swung south into 
the Bay of Bengal. By the time of Rennell’s 
mapping, this course had been abandoned in 
favor of a shorter route down what is still 
called the Old Brahmaputra River past 
Mymensingh. Northwest of the town of 
Mymensingh a distributary called the Banar 
River left the right bank of the Brahmaputra. 
On Rennell’s map this stream flows south 
about 50 miles and joins the Lakhya River, 
which was another right-bank distributary of 
the Brahmaputra (Fig. 3). Both streams are of 
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interest, because through a part of their 
distance they follow entrenched courses across 
the Pleistocene. The road from Mymensingh 
southwest to the town of Madhupur crosses the 
entrenched Banar River (Fig. 6B). Along this 
stream valley at least 3 feet of highly oxidized 
red sediment of Pleistocene age is exposed, 
Capping this is a layer of Recent gray silts and 
sands, 10-15 feet thick. These are Banar 
River flood-plain sediments, but they exhibit a 
dissected, rolling surface which suggests they 
were uplifted recently. 

By the early 1770’s the major diversion of the 
Brahmaputra into its present channel west of 
the Madhupur Jungle had occurred. There is 
no complete agreement as to when this diver. 
sion down the Jenai River of Rennell occurred. 
Hirst (1916, p. 14) indicates that it took place 
gradually between 1720 and 1830. Buchanan 
Hamilton (in Fergusson, 1863, p. 334) observed 
in 1810, however, that the Brahmaputra 
threatened to divert into its present course, 
Apparently by 1830 the diversion of low-river 
flow down the new channel was complete. 
Cause for the diversion according to Fergusson 
was uplift of the Madhupur Jungle block. 
Hirst (1916) agreed and advanced the concept 
of a zone of sinking and compensatory uplift of 
the Barind and Madhupur. 

Hirst’s concept, however, was_ violently 
attacked by Hayden and Pascoe (1919, p. 
17-21), who preferred the more “rational” 
explanation of LaTouche (1910, p. 21 and 22). 
LaTouche suggested that the Brahmaputra 
diversion resulted directly from a major in- 
crease in water volume of the river. He postu- 
lated that the Dihang as a tributary of a then- 
small Brahmaputra beheaded the Tsangpo 
River of Tibet (Fig. 1), and through the 
resulting “enormous accession of water began 
to exert itself.” LaTouche stated that the Old 
Brahmaputra flowed east of the Madhupur 
Jungle, which was a “relic of the old delta face 
of the Ganges.” In other words he considered 
the entire Bengal Basin (excluding the Sylhet 
Basin) as the sole regime of the Ganges prior to 
the sudden increase in Brahmaputra volume. 


PiaTE 1.—FAULT SCARPS OF THE SYLHET BASIN AND MADHUPUR JUNGLE 


Figure 1.—Shillong Plateau fault scarp north of Sylhet basin. Shallow lakes at base of escarpment have 
elevations of less than 10 feet above sea level. 

Figure 2.—Echelon faulting of Madhupur Jungle. Three of a series of echelon faults (dotted) which 
delineate uplifted Pleistocene Madhupur Jungle. Strike of faults distorted by oblique aerial view. Note 
dendritic, paddied stream valleys in right foreground. 
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He suggested that the sudden diversion of 
Tista River water from the Ganges to the 
Brahmaputra in 1787 was the final action that 
triggered the diversion into the Jenai channel 
west of the Madhupur Jungle. Subsequent 
writers have generally accepted LaTouche as 
representing the opinion of the Geological Sur- 
vey of India. 

Probably the diversion of the Brahmaputra 
was gradual, as most major river diversions are, 
and was caused in part by gradual tilting of the 
Madhupur block. This tilting caused the Old 
Brahmaputra River to become antecedent in 
places, necessitating river scour into slowly or 
periodically rising, comparatively resistant 
Pleistocene sediments. The sudden change of 
course by the Tista River with resulting ad- 
dition of its waters to the Brahmaputra River 
may well have been a contributing factor 
toward diversion. 

Additional evidence from field studies 
necessitates a re-evaluation of the somewhat 
discredited concepts of Hirst and widely 
accepted ideas of LaTouche. The echelon fault 
system along the west face of the Madhupur 
and the Karatoya River fault flanking the 
northeast edge of the Barind indicate that the 
intervening area, the flood plain of the Brahma- 
putra, has been actively subsiding. The east- 
ward slope of the Madhupur Jungle of 3.6 feet 
per mile (Fig. 6B) indicates considerable east- 
ward tilt of the Pleistocene unit. In addition, the 
antecedent nature of the Banar and Lakhya 
rivers attests to regional uplift in addition to 
eastward tilt. Not enough elevations are 
available for construction of a profile across the 
eastern portion of the surface of the Barind, 
but the predominant southwest drainage on 
this surface indicates southwest regional dip. 
Therefore, all available evidence substantiates 
the importance of structural activity in the 
Brahmaputra River basin and the Pleistocene 
areas along its flanks. 


Aerial photographs of the Sylhet Basin show 
river scars of at least one ancient Brahmaputra 
River course occupied prior to the Old Brahma- 
putra course past Mymensingh. These scars are 
almost obscured by subsequent sedimentation 
and subsidence of the region. The remaining 
scars are comparable in size to the present river, 
indicating greater antiquity of the Brahma- 
putra than has been recognized by LaTouche 
and others. It should be pointed out that rapid 
subsidence both in the Sylhet Basin and in the 
area between the Barind and Madhupur 
Pleistocene units makes it entirely possible that 
older courses of the Brahmaputra were present 
but have subsequently become obscured. Pend- 
ing proof of “enormous accession of water’’ as 
a result of Brahmaputra piracy of the Tsangpo 
and field evidence for its beheaded down- 
stream segment, it seems that this river has 
been as important during the Recent period as 
the Ganges has. In other words while the 
Ganges has been building a broad lateral 
deltaic mass, the Brahmaputra, because of 
structural activity, has been building a thicker 
mass of sediment in structurally subsiding 
basins. Only deep detailed borings across the 
Brahmaputra River Valley and Sylhet Basin 
will clarify the geologic history. 

Minor Pleistocene Units—The Lalmai Hills, 
commonly called the Red Banks near the town 
of Comilla (Fig. 3), merit discussion. The hills 
are an uplifted block of highly oxidized, red 
Pleistocene sediments. Bounded on both east 
and west by faults, the entire structural unit 
can be considered a horst. The block is about 
13 square miles in area; some individual peaks 
are more than 150 feet high, although the 
average elevation is in the neighborhood of 70 
feet above sea level. The eastern margin is 
bounded by a single continuous fault, upthrown 
to the west. The scarp on this side is dissected 
by numerous rainfall drainage channels dis- 
charging toward the east. The western margin 
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Ficure 1.—Vertical aerial view of Barind Pleistocene. Uplifted terrace surface has dendritic, tightly 
meandering drainage pattern. The numerous “tanks’’ (artificial ponds) are for water storage during dry 


season. 


Ficure 2.—Aerial view along echelon fault. Differential relief between Brahmaputra flood plain (lower 
left) and tilted, uplifted Madhupur Jungle (right) exceeds 50 feet at this location. 
Ficure 3.—West fault scarp of Lalmai Hills. Differential relief between Tippera surface (left) and hills 


isin excess of 100 feet. 


FicurE 4.—Angular unconformity in Pleistocene deposits. Lalmai Hills exposure reveals organic particles 
in upper (Pleistocene) sediments and east dip in lower (older Pleistocene or Tertiary) sediments. 
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is determined by two parallel faults about a 
mile apart; both are upthrown on the east. 
The range of hills is about 1 mile wide in the 
northern area and 2 miles wide to the south. 
The flanking fault in the north extends through 
the center of the block in the south, forming, in 
places, a fairly well-defined valley. 

The fault scarp bounding the western side 
of the hills in places has a surface throw in 
excess of 100 feet (Pl. 2, fig. 3). A number of 
small permanent springs discharge along the 
scarp foot. The accordant submits of the dis- 
sected block indicate a slight tilting of the 
entire unit to the east. Consequently the 
highest hills are on the western margin, and 
most drainage finds its way to the east. 

Lalmai sediments are predominantly sands 
and silts, but toward the west side of the hills, 
near the bottom of the exposed sections, are 
layers of gravels and cobbles. Most pebbles 
consist of ironstone or calcareous nodules with 
some quartz and considerable quantities of 
petrified wood fragments. Numerous large 
blocks of petrified wood, some 24 inches by 12 
inches, are present in the gravel layers. The 
completely silicified wood invariably shows 
stream transport and with the gravel layers is 
highly suggestive of torrential stream trans- 
port and deposition. All gravel layers observed 
dip east, and, since they are low in the strati- 
graphic section, are found exposed only in the 
central and western parts of the hills. Higher 
in the section is a well-defined angular un- 
conformity (Pl. 2, fig. 4), which occurs over an 
appreciable area. The underyling unit dips 
steeply eastward, whereas the overlying 
younger sediments are either horizontal or dip 
only slightly eastward. The upper unit contains 
a relatively high concentration of well-dis- 
seminated organic particles, which was not 
observed in the lower unit. The degree of 
oxidation of these sediments seems to be un- 
related to stratigraphic position. Hilltops are 
redder and more highly oxidized than beds 
lower in elevation. Intense oxidation reflects 
high local relief rather than age, as the oxida- 
tion boundary transects the stratigraphic 
boundaries. 

In the Sylhet Basin north and northeast of 
the city of Sylhet are the Sylhet Hills and 
Chhatak Hills, which also are classed with the 
minor Pleistocene units (Fig. 3). The Sylhet 
Hills cover 72 square miles and attain maximum 
elevations of 260 to 300 feet above sea level. The 
unit is elongate and trends northeast-south- 
west. The southeast front of the hills is abrupt 
and may well be fault-controlled, but because 
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of the extremely heavy rainfall (180-200 inches 
per year) and the unconsolidated, sandy 
nature of the sediments, it is extremely dis. 
sected and eroded. A reconnaissance of two 
areas along the southeastern margin of the 
hills revealed sands, silts, and clays of fluviatile 
origin. As in the Lalmai area, the hilltops in 
regions of high relief were most highly oxidized, 
A quarry within the hills north of Sylhet was 
inspected briefly. Here, beneath oxidized 
Pleistocene sediments were banded clays, 
silts, and sands, highly compacted, tilted, and 
faulted. These sediments are probably Tertiary. 

In summary it should be stated that the 
relatively high-standing Sylhet and Chhatak 
Hills are associated with numerous low, 
swampy areas (haors) in the Sylhet Basin. 
Air photographs indicate a number of fault 
scars, most of which are shown on Figure 3, 
The Sylhet Basin is probably the most active 
part of Bengal structurally, but much of the 
tectonic story is obscured by the monsoonal 
floods with their resulting veneer of alluvial 
sediments. Additional work is necessary to 
differentiate Pleistocene from Tertiary deposits 
in the Sylhet and Chhatak Hills and to de- 
termine the tectonic history of the region. 
Figure 3 identifies these deposits as Pleistocene 
because of their surficial similarity, but much 
more work is needed in the Sylhet Basin before 
its geologic history can be defined accurately. 

Summary.—There are four major and three 
minor Pleistocene areas in the Bengal Basin. 
The two major units flanking the east and 
west valley walls have not been sufficiently 
investigated to establish whether they exhibit 
evidence of the development of multiple 
terraces. 

The two major Pleistocene units in the 
central part of the Bengal Basin, the Barind 
and the Madhupur, may exhibit evidences of 
multiple terraces, but active and continuing 
faulting have obscured the record. The de- 
velopment of readily recognizable terraces in a 
marginal deltaic region results from slow 
warping and tilting of the flank of a subsiding 
sedimentary trough during a period of sea-level 
fluctuations, as in the Gulf Coast of the United 
States. In the central and eastern part of the 
Bengal Basin, faulting, resulting in tilted fault 
blocks, has obscured the slow regional tilting 
which would normally result in a multiple- 
terrace sequence. For this reason more than 4 
single Pleistocene terrace cannot be determined 
with certainty until more factual data are 
accumulated. 
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PHYSIOGRAPHIC UNITS OF THE BENGAL BASIN 


The Recent Flood Plain 


General statement—Within the Bengal Basin 
as limited by the Tertiary and older hills are the 
alluvial Pleistocene deposits discussed in the 
previous section, and Recent  flood-plain 
sediments. The Recent deposits, which comprise 
the combined deltaic masses and flood plains of 
the Ganges, Brahmaputra, and Meghna rivers, 
cover more than 50,000 square miles. This 
enormous region is divisible into four categories 
to be considered individually. 

Alluvial fans. —The Tista, Atrai, Mahananda, 
Purnabhaba, Old Jamuna, and Karatoya 
rivers which flank and subdivide the Barind 
Pleistocene surface (Fig. 5) rise as a part of the 
drainage system of the Himalaya foothills. 
These and many other streams of a similar 
nature have developed an extensive piedmont 
alluvial plain. Down-slope these same streams 
gradually flatten their gradients and ultimately 
become tributaries of the Ganges and Brahma- 
putra systems. No attempt has been made to 
differentiate alluvial fan sediments from 
flood-plain sediments. 

Tippera surface.—In the eastern part of the 
Bengal Basin, flanking the Tripura Hills and 
surrounding the Lalmai Hills is a distinctive 
alluvial physiographic unit (Fig. 3). This unit, 
3000 square miles in area, has been named the 
Tippera surface, because it covers most of the 
district of Tippera and small parts of the 
adjacent districts. For several reasons the 
Tippera surface is a mappable unit. 

On aerial photographs or detailed maps, the 
drainage system of the Tippera surface displays 
a well-developed rectangular pattern in 
contrast to the braiding and meandering 
pattern of the Recent flood plain and the 
dendritic pattern of the hill regions (Fig. 7). In 
addition to the rectangular system are a few 
small meandering streams which form the 
drainage system for the adjacent hills. In 
contrast to meandering streams of the Barind 
Pleistocene surface, however, these exhibit 
numerous cutoff and oxbow lakes, indicating 
that the deposits are less consolidated. The 
rectangular pattern upon detailed examination 
proved to be due entirely to man’s activity. 
Because of its flat surface, relatively low ele- 
vation, and heavy seasonal rainfall, the entire 
Tippera area is uniformly inundated. For 
agricultural purposes a series of low dikes has 
been constructed throughout the area. The 
ditches resulting from excavation for dike 
material have subsequently become the 
rectangular drainage network. Through con- 
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tinuous use, the artificial canals have been 
expanded, and natural drainage has declined in 
importance. High land values, coupled with the 
need for flat rice paddies, have resulted in 
artificial filling in of most of the abandoned 
natural drainage channels. Although the 
Tippera surface exhibits a high degree of 
cultural modification, its alluvial origin is still 
evident on aerial photographs. Traces and 
remnants of curved meander scars and loops 
are emphasized by concentrations of trees and 
houses along former natural levees. However, 
intensive agriculture for countless generations 
has nearly erased such evidences of origin and 
has led to formation of the rectangular drain- 
age net. 

The Tippera surface is delineated on the 
north by an important northeast-southwest 
trending fault (Fig. 3). It is uplifted to the 
southeast a few feet higher than the adjacent 
flood plain of the Meghna River. A branch of 
the Meghna impinging against the Tippera 
surface along the fault scarp has caused ap- 
preciable local erosion. Most of the western 
limit of the Tippera likewise is being eroded by 
the Meghna or its branches. Along the south- 
west and southern margin the Tippera is 
flanked by a narrow band of Recent river 
deposits. The eastern limit of the Tippera 
surface is the abrupt boundary with the 
Pleistocene hills. 

Field examination revealed that sediments 
of the Tippera surface correspond physically 
with the Recent flood-plain sediments, except 
that they are more compacted and are slightly 
oxidized. The sediments display higher oxida- 
tion than Recent flood-plain deposits but are 
not comparable with the reddish-brown 
Pleistocene terrace materials. 

Surveyed elevations are scarce on available 
maps of the Tippera surface and adjacent 
flood plain, but all available elevations have 
been averaged. Based on 65 elevations, the 
Tippera surface averages about 21 feet above 
sea level in contrast to an average of less than 
15 feet for 45 elevations on the near-by flood 
plain. 

All evidence suggests slight uplift of the entire 
Tippera surface. Cultural modifications of the 
natural drainage system, displacement along 
the bordering fault to the north, and oxidation 
of sediments all indicate that the Tippera 
surface has been uplifted during Recent time. 
Amount and nature of uplift are not precisely 
known, but future work will probably verify a 
differential elevation on the order of 4 to 6 feet 
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between the Tippera surface and the adjacent the Bengal Basin, bounded on the north by the 
flood plain. Shillong Plateau and on the east and south by 

Sylhet Basin—The Syihet Basin has been the plunging, anticlinically folded Tripura 
mentioned previously as a subsidiary part of Hills. The south flank of the Shillong Plateau 
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is delineated in part by a major fault scarp 
which is dissected by numerous steep valleys 
(Pl. 1, fig. 1). New topographic maps of the 
Sylhet Basin are being compiled by the Pakis- 
tan Survey, and their advance sheets indicate 
that much of the area in the northern part of 
the basin is less than 10 feet above sea level, 
jor example the vicinity of Matian-Sanir Haor 
(Pl. 1, fig. 1, and Fig. 3). In the same immediate 
area are meander scars left by an old course of 
the Brahmaputra River which antedates the 
recently abandoned course past Mymensingh. 
Maximum elevations on the residual levees of 
this old stream course average about 15 feet 
above sea level. At a comparable distance from 
base level (the Bay of Bengal), the other 
Brahmaputra River courses have elevations in 
excess of 50 feet above sea level. This suggests 
that the Sylhet Basin has subsided about 30-40 
feet within the last several hundred years. 
Information furnished by personnel of Geo- 
physical Services International indicates that 
stumps and wood were encountered in at least 
three shallow holes at depths of 60-65 feet, 60 
feet, and 50-55 feet in the northern part of the 
Sylhet Basin. Rapid subsidence, probably still 
occurring, has exceeded the rate of sedimentary 
fill of the basin. A calculated gradient for the 
Brahmaputra river course passing through the 
low part of the basin is about 0.11 feet per miie. 
This gradient is much flatter than that of the 
Old Brahmaputra past Mymensingh (0.25 feet 
per mile), the Jamuna (0.26 feet per mile), the 
Ganges (0.26 feet per mile), the Mississippi 
(0.25 feet per mile), or any other known major 
tiver. 

Although sediments are probably undergoing 
compaction, the subsidence of the Sylhet Basin 
is probably primarily tectonic and is un- 
doubtedly related to the major fault system 
bounding the northern side of the basin. The 
many lakes (haors) immediately adjacent to the 
fault scarp suggest that the downthrown block 
has been rotated, carrying the Sylhet Basin 
down more rapidly than it is being alluviated. 

Bengal deltaic plain—The remaining region 
of Bengal, bounded by the Pleistocene terrace 
on the west, the Barind and Madhupur Jungle 
on the north, and the Tippera surface on the 
east, consists of the Recent deltaic plain. No 
attempt will be made in this paper to detail the 
physical characteristics of the delta. It is 
complex in that it has been the site of sedi- 
mentary deposition by two of the world’s 
major rivers. It, like other major deltas, is 
composed of a number of overlapping sub- 
deltas. The deltaic region is constantly sub- 
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siding, owing mainly to compaction of Recent 
sediments and possibly to structural down- 
warping. Numerous instances of subsidence 
have been recorded in the literature. Table 1 
includes these data plus additional field ob- 
servations. The effect of deltaic plain sub- 
sidence upon the adjacent Pleistocene of the 
Madhupur Jungle is considered in the following 
section. 


STRUCTURAL MODIFICATION OF QUATERNARY 
SEDIMENTS 


Faulting and Folding in the Bengal Basin 


Figure 3 shows that eastern and northern 
parts of the Bengal Basin have been subjected 
to more structural modification than have 
western and southern parts. Nearly all faults 
and folds mapped are north of the Ganges 
River. A similar distribution applies to re- 
corded seismic phenomena. Figure 8 shows 
epicenters of recorded earthquakes in the 
Bengal Basin and adjacent regions. These data, 
modified from Gutenberg and Richter (1949, 
p. 119-267) and from Krishnan (1953, Pl. 2) 
indicate that the distribution of Recent 
seismic activity in the region resembles that of 
the Quaternary faults and folds revealed by the 
present field work. 

Active, Recent faults of the magnitude 
present in the Bengal Basin are unusual. 
Throws of similar magnitude are not known to 
occur in the Mississippi River deltaic region, 
although faulting which involves displacements 
of the modern flood plain has been recognized 
(Fisk, 1944, p. 24 and Pl. 15). The most im- 
pressive structure noted is the series of echelon 
faults flanking the west side of the tilted 
Madhupur Jungle. In addition there is notable 
subsidence in the Sylhet Basin, faulting, tilting, 
and uplift of the eastern Barind, relative 
uplift of the Tippera surface, and Recent 
folding in the Tripura Hills. These structural 
phenomena and a general subsidence of the 
deltaic plain are believed to be interrelated. 


Causes of Echelon Faulting 


Two general theories have been proposed to 
explain echelon faulting. The first assumes a 
major fault at depth, along which a couple is 
acting, with the result that a number of 
secondary echelon faults develop at the surface. 
This theory is represented in Figure 9A, the 
fault at depth following the trend shown by the 
pair of dotted lines. 
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Considerable evidence suggests the presence putra to form the combined Meghna River. re 
of such a “zone of weakness” passing between Such a change again suggests a more ad. th 
the Barind and Madhupur Pleistocene inliers. vantageous course with steeper gradient, 
ce 
* TABLE 1.—EvIDENCE OF SUBSIDENCE IN THE RECENT DELTAIC PLAIN 
| Subsi- | 
‘ idence In- | 
Location of Data and Type Information Evidence cael | Source of Information 
y | (In feet) 
| 
P Calcutta and | Near Hooghly River Water-well boring Rotten wood | 32-55 | East, 1818, 544-46 
Vicinity Chowrhinghee Road Tank excavation Decayed wood 35 | East, 1818, p. 547 
Sialdah Tank excavation Sundri trees in situ 30 Hunter, 1875, p. 291 | 
King George dock Excavation Wood (Ceriops sp.) 40 Curtis, 1933, p. 11 j 
Fort Williams | Water-well boring Peat and Sundri| 30-50 | Smith, 1841, p. 342 
trees 
it Port Canning on Matla | Tank excavation | Large trees in Place 10 | Hunter, 1875, p. 291 
River (Sundri) | 
Khulna and At Khulna, about 12 | Tank excavation Large Sundri trees in 18 Hunter, 1875, p. 291 
Vicinity mi. N. Sundarbans place and layer of 
vegetable mould | 
Khulna shipyard docks | Foundation Borings: | 
Decayed wood 86.5-99 | R. Troiana, personal com- 
| Decayed wood 4-18 | munication 
| Decayed vegetation 23-48 | 
Decayed wood 97-99 | 
a Sundarbans Near Kobadak Forest | Shallow hand auger | Wood (Sundri) 12-14 | Borings made by writers 
cies (Coastal station | boring December-March, 1956 
: Region) Talpatti Khal | Shallow hand auger | Peat layer 14 Borings made by writers 
| boring December-March, 1956 
a Near mouth of Rai- Shallow hand auger | Intermittent organic 20 Borings made by writers 
ft mangal River | boring down to 20 feet | December-March, 1956 
yee Dhaki Khal boring | Shallow hand auger | Peat layer 13-16 | Borings made by writers 
< | boring Wood (Sundri) 18 | December-March, 1956 
Peat layer 21-22 | 
cee Dhaki Khal 4 mile Tank excavation Wood (Sundri) 18 Field observation 
from boring | | 
e. i Dhaki Khal 200 yards | Tank excavation Human artifact (Mill-| 13 Field observation 
ee from boring | ing or grinding | 
| stone) 
Dubla Island | Shallow hand auger | Intermittent organic 20 | Borings made by writers 
| boring down to 20 feet | December-March, 1956 Pp 
Shekretak Ruins near | Shallow hand auger | Peat 6 Borings made by writers } 
Sibsa River | boring Wood 16 December-March, 1956 k 
| Wood 20-23 | 
Organic 23-34.5) 
fi 
a 
Hirst (1916, p. 9-12) and Fergusson (1863, p. (2) Sediment and water of the combined a 
329), as mentioned, suggested such a zone. The Ganges-Brahmaputra-Meghna rivers have been t 
available evidence can be itemized as follows: pouring into the active (eastern) part of the t 
(1) Change in stream courses. The Brahma-_ delta for the last 200 years or more with no t 
fe putra River abandoned its channel east of the appreciable build-out of the deltaic front. A ( 
ze Madhupur in favor of its present channel un- comparison of Rennell’s map with modern \ 
: doubtedly in response to a shorter course of maps covering a span of approximately 175 ] 
ae steeper gradient to the Bay of Bengal. The years does not show appreciable deltaic growth. ‘ 
ie Tista River (Fig. 5) abandoned its course This suggests that the rate of subsidence has 
a straight south across the Barind to the Ganges kept pace with the rate of sedimentary depo- 
a in favor of a southeast course into the present _ sition. 
Brahmaputra channel. Lastly the Ganges has (3) The northeastern flank of the Barind ' 
abandoned numerous deltaic distributaries to surface is terminated by a fault with the north- I 
the southwest in favor of joining the Brahma- east side downthrown. This again could be ‘ 
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related to a subsiding trough passing between 
the Barind and the Madhupur. 

(4) Several papers have been published con- 
cerning the “Garo-Rajmahal gap,” and the 
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Hills east of the Sylhet Basin (Fig. 9A). This 
folding indicates compression of the crust in a 
west-northwest direction. No data are available 
about the structure of the southern area of the 
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possibility of a former connection of the Garo 
Hills part of the Shillong Plateau across to the 
Rajmahal Hills of peninsular India (Hora, 
1944; Auden, 1949; Dey, 1949). Although little 
factual information is available, most writers 
agree that the Garo-Rajmahal gap represents 
a sag in the once-continuous crystalline rock 
barrier. Krishnan (1953, p. 38) suggests that 
the western side of the Shillong Plateau may be 
marked by fracturing, which would agree with 
other evidence for the “zone of weakness” 
which follows approximately the trend of the 
Jamuna-Padma-Meghna river system (Figs. 2 
and 9). 

This evidence points either to a subsiding 
trough or to a single major fault at depth. 
However, there is no suggestion of a couple 
which might cause relative movement of the 
northeast side toward the north. The only 
apparent evidence is the folding in the Tripura 


Tripura Hills in India and in Burma, but the 
Lalmai Hills to the west are a horst. Horst 
formation suggests local tension of the crust 
rather than compression. It can be inferred, 
then, that west-northwest compression across 
the Sylhet Basin could have a component of 
force which would act as a couple along the 
“zone of weakness” (Fig. 9A). At least five 
fault scars are obvious in the Recent sediments 
of the Sylhet Basin between the folded Tripura 
Hills and the Madhupur Jungle. Unfortunately, 
neither field work nor examination of aerial 
photographs yielded evidence as to the type of 
movement along these faults. They cannot be 
used at present to confirm or refute the effect 
of compression upon establishment of a couple. 

The second theory used to explain echelon 
faulting demands torsion or warping of a surface 
to produce tear faults. In the Bengal Basin a 
major deltaic sedimentary mass is subsiding, as 
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previously mentioned. The Sylhet Basin is also 
subsiding. These two areas however are counter- 
balanced by the Barind to the northwest and 
the Recent Tippera surface to the southeast, 
which are not subsiding and may be rising 
slightly. Such warping could result in a broad 
area subjected to torsion, which would tend to 
be relieved through echelon faulting (Fig. 9B). 

Therefore either of the theories, or possibly a 
combination of the two, may explain echelon 
faulting. 


CONCLUSIONS 


The Bengal Basin is flanked on the east and 
west by areas of Pleistocene terrace. Two other 
main areas of Pleistocene deposits, the Barind 
and the Madhupur, lie within the basin. A 
reconnaissance was not sufficient to establish 
whether the Pleistocene of Bengal may be 
differentiated into more than a single terrace. 
Field work in the Bengal Basin suggests the 
presence of multiple terraces, but they are not 
obvious. Detailed surface mapping in the 
upper Ganges and Brahmaputra valleys and 
evidence of detailed borings may reveal buried 
alluvial sequences. Terrace surfaces of the 
central-basin Pleistocene inliers have been 
drastically modified by major structural 
activity. The areas of pronounced Recent 
faulting and folding can be correlated directly 
with known seismic areas of Assam and ad- 
jacent regions. The Barind Pleistocene has 
apparently experienced domal uplift. The 
western part is higher toward its center and 
slopes both to the north and south (Fig. 6A). 
A suggestion of two terrace levels is found in 
this high-standing region. The eastern Barind is 
lower and consists of a uniform surface tilted 
southwest. The Madhupur Pleistocene unit, 
bounded on the west by a series of echelon 
faults, has been uplifted and tilted northeast. 
One measured profile indicates a northeast 
slope in excess of 3.5 feet per mile. The uplift 
has caused some of the Old Brahmaputra 
distributaries to become antecedent, which 
probably helped effect the diversion of the 
river to its present channel. 

Areas adjacent to the Madhupur have also 
been affected by structural activity. The 
Sylhet Basin is rapidly sinking, showing in 
some places subsidence on the order of 35 feet 
within the last few hundred years. This rapid 
subsidence rate is probably related to move- 
ment along the major fault flanking the up- 
lifted Shillong Plateau. The Sylhet Basin 
suggests a tilted fault block because of the 
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numerous broad shallow lakes and streams which 
hug the Shillong fault scarp. A large area of Re. 
cent flood plain south and east of the Madhupur 
has been slightly uplifted, resulting in establish. 
ment of a distinct and mappable portion of the 
flood plain, which has been named the Tippera 
surface. 

Uplift of the Barind Pleistocene unit and the 
Tippera surface coupled with subsidence of the 
Sylhet Basin and the deltaic plain has resulted 
in torsion of the crust in East Bengal. Addi- 
tional indirect evidence indicates either a 
major fault at depth or a subsiding trough 
following approximately the axis of the Ja- 
muna-Ganges (Padma)-Meghna river system. 
Folding of the northeastern part of the Tripura 
Hills suggests forces that may have established 
a couple, affecting the buried fault or trough. 
Surface echelon faulting of the Madhupur has 
probably resulted either from torsion of the 
region or the effect of shear along a postulated 
buried fault, or possibly a combination of both 
forces. The subsiding structural zone may, in 
part, represent a foredeep flanking the west 
side of the north-south convex arc of the 
Burmese Mountains. It may have the same 
relationship to this mountainous chain as the 
Gangetic trough or foredeep bears to the 
Himalayan arc. 

Krishnan (1953, p. 12-13) summarizes ex- 
isting knowledge of the Assam (Shillong) 
Plateau and surrounding areas and emphasizes 
how little is known about the geology of the 
Eastern Himalaya and its relationship to the 
Burmese Mountains and the Shillong Plateau. 
The plateau, bounded by major fault scarps, is 
related geologically to peninsular India and is 
composed for the most part of materials older 
than the adjacent Himalayan and Burmese 
mountains. This peninsular outlier is located at 
the approximate junction of a known and a 
postulated downwarped foredeep and may be 
related genetically to the same tectonic causes. 
Certainly this is one of the most active tectonic 
regions of the world, and the presence of a sub- 
siding trough in the Bengal Basin must be 
related to activity in the adjacent mountain 
chains. 
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PLEISTOCENE CLIMATES IN EASTERN AND SOUTHERN AFRICA 


By Ricuarp Foster FLINT 


ABSTRACT 


Pleistocene climates in the southern half of Africa are indicated by evidence of lakes 
in regions now dry, ancient soils for whose development the climate is now too dry or 
too wet, inactive wind-blown sand now covered by vegetation, and signs of former glacia- 
tion. Such features indicate climates different from those now prevailing. In addition, 
anomalies in the distribution of living organisms seem to support the assumption of 
climatic change. 

Most of the evidence indicates change in annual amount or seasonal distribution of 
rainfall, but some suggests former temperatures lower, possibly by as much as 5°C., than 
those of today. Few of the features discussed are well fixed stratigraphically, but most 
of them are probably late Pleistocene. 

The atmospheric-circulation pattern shows that annual amount and seasonal dis- 
tribution of rainfall differ markedly in various regions in the subcontinent. The current 
literature contains a start toward a reconstruction of former patterns which are com- 
patible with the geologic and biogeographic evidence, based on analogies with modern 
anomalies. 

Although probable, the theory that pluvial climates in Africa were contemporaneous 
with glacial climates in Europe remains unsupported by geologic evidence, mainly be- 
cause data are very few. 
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INTRODUCTION AND ACKNOWLEDGMENTS 


This paper represents the first part of the 
results of a study tour in Africa near and south 
of the equator, sponsored by the Wenner-Gren 
Foundation of New York. The four months, 
May-August, 1957, were spent in the field with 
geologists and archeologists. The objective was 
to assess the existing state of knowledge of the 
climatic implications and stratigraphic correla- 
tion of Pleistocene sediments and other features. 
The physical, not the stratigraphic aspects, are 
discussed in this paper; neither sequence nor 
chronology of former climates is considered. 

Travel between principal centers was by air; 
local travel was by Land Rover, boat, and foot. 
The territory visited (Fig. 1) includes Ruanda- 
Urundi, eastern Belgian Congo, Uganda, 
Kenya, Tanganyika, Zanzibar, areasin Northern 
and Southern Rhodesia, southern Mocgambique, 
Swaziland, Transvaal, Orange Free State, and 
Cape Province. The Congo basin, Angola, and 
South-West Africa were not visited and hence 
are not discussed. 

Besides the Wenner-Gren Foundation, which 
financed the tour and laid the groundwork for 
many contacts, I have to thank members of 
the geological surveys of Uganda, Kenya, and 
Mocambique, the administration of the Parc 
National Albert, personnel of the museums at 
Livingstone, Bulawayo, Pretoria, and Bloem- 
fontein and the universities of The Witwaters- 
rand and Cape Town, and employees of the 
Northern Lime Company for transportation, 
housing, and other facilities. To the following 
people my thanks are due for time spent in the 
field, guidance, planning of arrangements, and 
invaluable discussion: B. H. Baker, Lereno 
Barradas, W. W. Bishop, Geoffrey Bond, C. K. 
Brain, J. D. Clark, H. B. S. Cooke, R. A. Dart, 
A. de Kock, M. B. Dias, Jean de Heinzelin, 
A. C. Hoffman, Raymond Inskeep, L. S. B. 
Leakey, B. D. Malan, Revil Mason, F. 0. 
Mouta, Merrick Posnansky, J. T. Robinson, 
Ronald Singer, Philip Tobias, E. M. van Zin- 
deren Bakker, and E. J. Wayland. Finally I 
acknowledge assistance of many kinds from 
Margaret C. H. Flint, experienced field com- 
panion and good ambassadress. 

Thanks are due to these persons who read 
and commented helpfully on the manuscript 
or parts of it: B. H. Baker, W. W. Bishop, 
Geoffrey Bond, J. D. Clark, H. B. S. Cooke, 
Charles Downie, and members of the Univer- 
sity of Sheffield Kilimanjaro Expedition 1957, 
Jean de Heinzelin, D. M. Hopkins, FE. B. 
Kraus, R. E. Moreau, Merrick Posnansky, 
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I. I. Schell, E. J. Wayland, J. H. Wellington, 
and H. E. Wright. 


STATEMENT OF PROBLEM AND DEFINITION 
oF TERMS 


There is little doubt that climatic change 
occurred in equatorial and southern Africa 
during the Pleistocene; however, little is known 
about Pleistocene climates in that region. Ques. 
tions that should be answered are: (1) How 
many major changes have occurred? (2) What 
amplitudes of precipitation and temperature 
change do they imply? (3) What ‘is their rela- 
tionship in time to the European glacial and 
interglacial climates? (4) Did the changes have 
varying intensity in various regions, and if so, 
how were the changes distributed in area? 
(5) What changes, if any, in the existing wind 
systems are implied? Answers to (1) and (3) 
are implicit in the climatic sequence (eg,, 
Leakey, 1948, p. 63) proposed for East Africa 
and widely quoted.' 

At least as early as the beginning of the 
twentieth century, the German literature car- 
ried the theory that glacial climates in northern 
middle latitudes should have been accompanied 
in low latitudes by pluvial? conditions of in- 
creased rainfall; the theory was applied to 
southwestern Africa as early as 1904 (Passarge, 
1904, p. 648, 651). After it appeared in the 
English literature (Brooks, 1914), the theory 
was applied to equatorial Africa, with reference 
to sediments and other physical features in 
that region. Although it became widely ac- 
cepted, only rarely was there a reminder that, 
whereas inference from African field data might 
imply former different climates, correlation of 
such climates with European climates remained 
theoretical, however reasonable some particular 
correlation might seem. Brooks (in Leakey, 
193la, p. 267-270) thought the correlation 
probable but did not claim that it had been 
established. 

As early as 1863 Jamieson (1863, p. 258) 
suggested a genetic relationship between large 
former lakes in central Asia and glaciations. 
Two years later Whitney (1865, p. 452) made 
a similar suggestion as to lakes in desert basins 
in western United States; this was subsequently 
supported by stratigraphic evidence and later 
by C dates. However, in both North America 

1 An evaluation of the basis on which the sequence 
is erected will appear in a later paper. 

2 The term appears in a paper by Blanckenhorn 
(1901, p. 393). 
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and Asia most of the lakes referred to lie no 
nearer to the equator than the 35th parallel of 
latitude, in a zone which today is subject to a 
wind system different from those which char- 
acterize equatorial and southern Africa. There- 
fore, although C™ dates support the coincidence 
of European with North American glaciations, 
it does not follow necessarily that pluvials in 


low latitudes in Africa were synchronous with 
glaciations in Europe. 

African pluvials are of great importance for 
climatic history, for Pleistocene correlation, 
and for meteorologic theory, and deserve more 
thorough analysis than they have received. Ap- 
parently only one scientist working in Africa has 
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attempted to define the terms formally. Sir Frank 
Dixey (in Clark, 1950, p. 11) defined pluvial as 


“a climate of long extent, consistently wetter 
(though allowing for minor fluctuations within the 
whole) than the climate pertaining today........ 


Interpluvial (a term introduced apparently by 
Wayland, 1934, p. 347) was defined by Dixey 
as a major climatic phase drier than the climate 
of today, Wayland (in Leakey, 1952, p. 59) 
wisely noted that these terms, meaning ‘more 
rain” and “‘less rain”, can be used only rela- 
tively, and that their relationship to glacial 
and interglacial climates is not established. 

So that ambiguity may be avoided, one of 
these terms should be altered slightly, and the 
definitions of both should be sharpened. I sug- 
gest that pluvial, used as noun or adjective, 
should refer to a climatic regimen sufficiently 
long enduring to be clearly recorded in physical 
or organic evidence, and having an average 
effective rainfall distinctly greater than that of 
today* in the same area. I suggest that non- 
pluvial, also used as a noun or adjective, should 
be substituted for interpluvial, which implies 
that the climate is both preceded and followed 
by pluvial climates, an implication rarely 
justified. Nonpluvial should refer to a climatic 
regimen having an average effective rainfall 
either (1) recognizably less than that of today, 
or (2) distinctly less than that of a preceding or 
following pluvial regimen. No absolute dura- 
tion, no particular stratigraphic position, and 
no specific relationship to glacial and nonglacial 
ages in other parts of the world should be im- 
plicit in these terms. Their merit is that they 
should simplify discussion while affording con- 
siderable flexibility through the avoidance of 
unsupported implications. Although conceiv- 
ably it might become desirable to discontinue 
the use of existing climate as a standard of 
reference, in the present state of knowledge it 
is the obvious choice. 

No doubt further changes in definitions and 
usage will be made. For example temperature 
may come to be included, for there is evidence 
that temperature as well as precipitation varied 
in Africa during the Pleistocene. Also it may 
appear that in some parts of Africa, at least, 
a nonpluvial climate was drier than a pluvial 
but not significantly drier than the climate of 
today. 

Further deduction from theory must await 
refinement of the theory by climatologists. 


* By “today” is meant the period of instrumental 
record since the settlement of equatorial and south- 
ern Africa by Europeans. 
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What is needed now is thorough evaluation of 
field evidence. The evaluation should exclude 
both the influence of theory and the possibility 
of tectonic or other nonclimatic origin of the 
features under consideration. A principal objee. 
tive should be the setting of quantitative limits 
to any inferred changes of precipitation, tem. 
perature, and seasonality of climate. However, 
general inferences must be based on good areal 
distribution of data; inferences from a single 
locality should not be applied to a wide region, 
Two possibilities must be kept in mind. First, 
departures from existing values, even though 
they may be everywhere of the same sign, might 
vary considerably in amplitude from one area 
to another, although probably in a systematic 
way. Second, departures might prove to be 
small. 

Finally it is advisable to concentrate on the 
most recent pluvial, where more than one is 
recorded, for at least three reasons: (1) Evi- 
dence of it is likely to be best preserved. (2) 
The possibility of control by C™ dates is great- 
est. The predominantly dry climate that pre- 
vails over most of the subcontinent results in 
a generally low water table. In consequence 
fossil wood, charcoal, peat, and other organic 
substances used to obtain C dates commonly 
have been destroyed by oxidation. Most of the 
objects of this kind that have been collected 
have come from relatively young stratigraphic 
units or from local environments that are wet. 
(3) Topography and altitudes are most likely 
to have resembled those of today. As rainfall 
in much of Africa changes sensitively with 
changes in altitude, serious errors could result 
from the interpretation of earlier Pleistocene 
features whose relative altitude at the time they 
were made is not known. 

The body of data gathered within a few 
decades by a small number of workers in the 
vast southern half of Africa is truly remarkable. 
However, the effort to synthesize the data has 
perhaps been overambitious. In Europe a large 
corps of scientists, working through a much 
longer time, has as yet reconstructed only a 
crude picture of the climate and vegetation of 
even the last glacial age. We should attempt to 
produce at least a comparable reconstruction 
for Africa. The more nearly complete it is, the 
more value it will have as a guide to earlier 
climates. 


MorPHOLOGY AND PLEISTOCENE GEOLOGY 


Africa near and south of the equator is 
mostly plateau more than 3000 feet above sea 
level. At least two broad pre-Pleistocene ero- 


but ¢ 
vast 
of cul 
| King 
Rift 
| the a 
i of hu 
cene 
late» 
| leys 
| cone: 
pred 
4 textt 
fined 
| and 
4 broa 
men 
| mail 
secte 
| usua 
with 
men 
| area 
by 
mos 
| tain 
| few 
only 
bou 
| hav 
mat 
Sto 
of 2 
| this 
div 
isti 
sou 
Eu 
wh 
din 
th 
‘ str 
See 


tion of 
xclude 
sibility 
of the 
objec. 
> limits 
1, tem- 
wever, 
1 areal 
Single 
region. 
First, 
hough 
might 
area 
matic 


to be 


the 
me is 
Evi- 
(2) 
zreat- 
pre- 
Its in 
uence 
ganic 
only 
f the 
ected 
wet. 
ikely 
infall 
with 
esult 
cene 
they 


few 
the 
ible. 
has 
arge 
uch 
ya 
of 
t to 
tion 
the 
lier 


MORPHOLOGY AND PLEISTOCENE GEOLOGY 


sion surfaces, warped up steeply near the coasts 
but deformed relatively little throughout the 
vast interior, are prominent. (For a summary 
of current concepts of African landscape evolu- 
tion and a discussion of erosion surface, see 
King, 1948a.) The surfaces are cut by the two 
Rift Valleys, belts of active faulting having 
the aspect of long, complex grabens with depths 
of hundreds to thousands of feet. Lower Pleisto- 
cene sediments locally postdate the main fault- 
ing; minor faulting has occurred even in very 
late Pleistocene time. Related to the Rift Val- 
leys are many lava flows, as well as volcanic 
cones that include some of the world’s loftiest. 

With iocal exceptions the subcontinent is 
predominantly dry, and possesses a coarse- 
textured drainage pattern. Glaciation is con- 
fined to the highest parts of the high mountains, 
and apart from wind-blown sand there are no 
broad continuous blankets of Pleistocene sedi- 
ment. The Pleistocene deposits are confined 
mainly to valleys and consist mostly of dis- 
sected bodies of alluvium of varying, but 
usually small, thickness. In tectonic basins 
within the Rift Valleys Pleistocene lake sedi- 
ments occur. Colluvium is present in many 
areas. 

These bodies of sediment cannot be correlated 
by continuous tracing in the field because in 
most cases they are not continuous. Some con- 
tain fossil mollusks and mammals, but only a 
few localities have yielded good collections, and 
only three faunal stratigraphic zones, the 
boundaries of which are not sharply defined, 
have been distinguished. As noted, prevailingly 
dry climates have induced oxidation of organic 
matter that would have been datable by C™. 
Stone tools are abundant and have been em- 
ployed as guides to stratigraphic zones for lack 
of anything better.‘ Empirically, correlation on 
this basis seems to work, but opinion is still 
divided as to its validity. 

These, in essence, are the broad character- 
istics of the Pleistocene in equatorial and 
southern Africa, a region which in consequence 
poses problems quite different from those in 
Europe and North America, the continents in 
which Pieistocene features are best understood. 


CLimaTIC SYSTEM 


Africa is the world’s warmest continent. It is 
divided by the equator and lies mainly between 
the subtropical belts of high pressure, which 
strongly influence its climates. Local topo- 


‘For the general sequence of stone-age cultures, 
see Cole, 1954, p. 193. 
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graphic influences on climate are less important 
than in Eurasia and the Americas, because 
mountains are few; the greater part of southern 
Africa is plateau more than 3000 feet above sea 
level. Hence African climates depend chiefly 
on the broad atmospheric-circulation pattern 
and have relatively few local variations. 

Theoretically Africa lies within the two trade- 
wind belts on either side of the equator. The 
symmetry of this arrangement is, however, dis- 
torted by the presence over tropical Africa, 
and in summer over Asia, of an area of low 
pressure set up by the greater heating of the 
land than of the sea surface. It is distorted 
further by seasonal shifting of this equatorial 
pressure trough over Africa, as well as by shift- 
ing of the belts of subtropical highs. The result 
is a seasonal system of winds and precipitation. 

The zone of greatest heating, coinciding with 
the overhead position of the sun, shifts from 
the southern hemisphere in January to the 
northern in July. The pressure trough follows, 
lagging about a month behind. The subtropical 
highs shift in the same directions, but less far. 
The inflow of maritime air, occurring as dis- 
crete air streams associated with the subtropical 
highs over the ocean, brings moisture onto the 
continent, precipitating it according to season. 
The precipitation is both orographic and con- 
vective, according to locality, temperature, 
and time. In southern Africa the traveling 
weather systems common in middle latitudes 
are weakly developed and are confined mainly 
to the far south and to the winter. 

The seasonal character of the climates of 
equatorial and southern Africa is best seen in 
a comparison of the January and July air-cir- 
culation patterns. In January (Figs. 2 and 3) 
the pressure trough lies close to the equator and 
often merges with a monsoon low centered 
near 20°S. over Rhodesia. Winds are relatively 
strong. Three air streams dominate the cir- 
culation. 

(1) Along the west coast from the Cape to 
the mouth of the Congo the southeast trade- 
wind air stream is deflected so as to parallel 
the coast, giving rise to southerly and offshore 
winds. Southerly winds activate the cold 
Benguela Current in the Atlantic Ocean; the 
current flows north along the west coast of 
South Africa. Offshore winds drag surface 
water westward away from the coast; this water 
is replaced by cold water welling up from 
moderate depth close inshore. Over the adja- 
cent land the wind system, aided by the slope 
of the ground toward the coast, causes a general 
descent of air from the plateau in the interior 
to the coast, and cloudless skies result. Except 
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over the extreme southern tip of the continent, 
the same is true in July. In consequence much 
of southwestern Africa ranges from semiarid to 
intensely arid. 


over Eurasia, crosses the equator at the height 
of summer and penetrates southern Africa as 
far as the Tropic of Capricorn. As this air js 
mainly of continental origin, it is compara 


FIGURE 2.—MEAN Positions OF HIGH- AND LOw-PRESSURE AREAS OVER AFRICA IN JANUARY AND JULY 
(After Kendrew, 1941) 


On the southeast coast,-in Natal and south- 
ern Mocambique, the southeast trade-wind 
air stream is accelerated by monsoonal indraft. 
Being onshore and having passed over ocean 
water about 5°C. warmer than the water off 
the west coast, it is quite unstable and precipi- 
tates rain on southeastern Africa, particularly 
on highlands. This is the cause of the rainy 
season (November to March) in that region. 

(2) Farther north along the east coast during 
the northern winter, an air stream that begins 
as the Asiatic northeast monsoon and merges 
into the trade-wind system is drawn south 
across the equator by monsoonal indraft. This 
air stream brings rain, chiefly convectional, 
to Kenya; most of the rain falls in November, 
immediately following the overhead passage 
of the sun. This air stream contributes simi- 
larly to the southern summer rains in southern 
Tanganyika and Rhodesia. 

(3) Meanwhile the third air stream, asso- 
ciated with the flow from subtropical-high cells 


tively dry; rain is scarce except on the high, cool 
East African mountains. 

The intertropical front, separating the south- 
east trade-wind air stream from the two north- 
ern air streams, and the convergence zone sepa- 
rating the two northern air streams from each 
other, are shown in Figure 3. It is evident that 
most of the precipitation in southern Africa 
originates in the Indian Ocean. 

By July (Figs. 2 and 3) the equatorial pres- 
sure trough and the intertropical front have 
migrated well north of the equator. The south- 
ern subtropical high-pressure belt likewise has 
shifted northward closer to the Tropic of Capri- 
corn. The westerly wind system of the southern 
hemisphere, with its traveling cyclones, brings 
rain to the southern tip of the continent. With 
northward migration of the sun, the interior of 
southern Africa becomes cooler than the ad- 
jacent Indian Ocean and has developed a high- 
pressure system characterized by descending 
and outflowing air rather than by indraft of 
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FicurE 4.—DistriBuTION OF RAINFALL IN EASTERN AND SOUTHERN AFRICA, SHOWN By ISOHYETS IN 
INCHES PER YEAR 


Areas receiving more than 80 inches per year are shown in solid black. Stippled area are lakes. (Compiled 
from Wellington, 1955, map 3; Walter, 1938; Kendrew, 1941, Fig. 7.) For place names see Figure 1. 


maritime air masses; this results in a dry season. 
Farther north, however, the equatorial east 
coast escapes the high-pressure system, and, 
being also open to the southeast trade winds 
without interference by the island of Madagas- 
Car, receives rainfali from air masses flowing in 


from the Indian Ocean. On the west coast dry 
southwest winds prevail as in January. 

The distribution of mean annual rainfall 
resulting from this circulation pattern is shown 
in generalized form in Figure 4. : 

In summary, the climates that characterize 
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the various regions of the subcontinent are 
sasonal, but the seasons throughout the sub- 
continent do not coincide. Southwestern Africa 
experiences little seasonal change in wind direc- 
tin and is dry throughout the year. The 
western part of the coast of South Africa has a 
Mediterranean climate with a winter rainy 
ason (May-August). The rest of South Africa, 


sith most of Rhodesia and Moc¢ambique, has a 


pronounced summer rainy season and a dry 
winter season. Much of equatorial eastern 
Mrica has two rainy seasons, each interme- 
diate between summer and winter. These ac- 
company the passage of the overhead sun, 
centering in April-May and October-Novem- 
ber, respectively. The former season, because 
itpartly coincides with the northeast monsoon, 
is the wetter of the two. 


Kinps OF EVIDENCE OF PLEISTOCENE CLIMATES 
Glaciation 


Equatorial East Africa contains the three 
volcanic cones Kilimanjaro, Kenya, and Elgon 
and also the Ruwenzori, an_ uplifted-block 
mountain mass. As shown in Figure 5, the 
highest of these approximates 5900 m, and 
three of them are capped by glaciers. Reported 
altitudes of the lowest moraines identified (not 
necessarily the lowest limit of former glacia- 
tion) are 1000 m and more below the termini of 
existing glaciers, showing that former glaciers 
were much more extensive than those of today.® 
However, comparison of lower limits affords 
little basis for climatic inference beyond the 
statement that the climate was more favorable 
for glaciation in former times than it is today. 
This is because topography can influence the 
form and downward extent of local glaciers. 

Published and unpublished observations 
indicate that despite differences in topographic 
detail, former glaciers descended lower on the 
eastern than on the western flanks of Elgon and 
the Ruwenzori. A similar relationship appears 
to have existed on Kilimanjaro during the last 


| major glaciation, but altitudes reached on the 


southern flank were even lower than those on 


‘The most comprehensive reference on glaciated 
mountains in equatorial Africa is by Nilsson (1931, 
p. 255-287, Pl. 3; see also Nilsson, 1929, 1940). 
Additional references: Mt. Kenya—Nilsson (1935, 
p. 10-12); Gregory (1921, p. 149-153); Ruwenzori— 
Heinzelin (1953); Aberdare Range—Nilsson (1935, 
P. 10). In connection with the International Geo- 
Physical Year 1957-1958, scientific expeditions 
mapped glacial features on Mts. Kilimanjaro and 

enya. 


the east. For Mt. Kenya no data are available. 
In the absence of information on the existing 
climates on these mountains, the relative influ- 
ence of distribution of snowfall and intensity of 
heating on the differences mentioned cannot be 
evaluated. 

The climatic snow line is a more meaningful 
parameter than is the lower limit of glaciation. 
B. H. Baker (personal communication) placed 
the climatic snow line on Mt. Kenya in 1957 
at about 5100 m; on Kilimanjaro in the same 
year Charles Downie (personal communica- 
tion) placed it above the top of the mountain. 
As the floors of cirques crudely approximate the 
minimum altitude of the snow line when the 
cirques were last actively occupied, it can be 
seen from the altitudes of the lowest cirques 
shown in Figure 5 that during glacial maxima 
the climatic snow line must have been at least 
900 m lower than it is now on Mt. Kenya, and 
at least 1300 m lower than it is now on Kili- 
manjaro. This difference compares with 1200- 
1400 m, according to age of the glaciation, 
in the northwestern Alps. Qn Mt. Kenya the 
direction of slope of the existing snow line is 
not known because all the larger existing 
glaciers are on the western side of the summit. 

The eastward slope of the lower limit of 
former glaciation reported on Elgon and the 
Ruwenzori suggests that on them the related 
snow line might also slope eastward. The only 
actual measurement known to me is 4750 m(?) 
for the existing snow line on the west side of 
Ruwenzori, measured before 1953 (Heinzelin, 
1953, p. 4). The values given by Nilsson (1940, 
p. 63) are estimated. 

Determination of the altitudes of today’s 
snow line and of the floors of the lowest cirques 
on the eastern and western slopes of the 
mountains should show whether the former 
snow line parallels that of today; if it does, the 
former climatic regimen probably differed only 
in the amounts of accumulation and ablation, 
not in distribution in terms of compass direc- 
tion. Parallelism would imply that the local 
wind system had much the same directions then 
as now, and that the equator was in approxi- 
mately the same _ position. Furthermore, 
parallelism of existing and former snow lines 
would favor the inference that precipitation 
values at a glacial maximum were not greatly 
different from those of today, and hence that 
the lower snow line resulted primarily from 
reduction of temperature rather than from 
increase in precipitation. Assuming parallel 
snow lines and no change in precipitation, 
descent of the snow line through 900 m (Mt. 
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FicurE 5.—East-WeEst Prorites or East AFRICAN Mountains, SHOWING GLACIAL DATA 
Shownare existing glaciers (white), altitudes of lowest-identified limits of glaciation (connected by broken | 
line), climatic snow line (where known), and lowest cirques on Mt. Kenya. Figure is diagrammatic— 
horizontal scale not true. Sources: Bergstrém (1955); Heinzelin (1953); Nilsson (1931, 1940); for Mt. 


a B. H. Baker (personal communication); for Kilimanjaro, Charles Downie (personal communica- 
tion). 
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Kenya data) would imply a temperature 
reduction of ~5°C.; on the basis of Kiliman- 
jaro data the reduction would be ~7°C. These 
calculations neglect the influence of change in 
amount of snowfall with altitude, a factor not 
yet measured. 

During recent decades glaciers on both the 
Ruwenzori (Heinzelin, 1953) and Mt. Kenya 
(B. H. Baker, personal communication) have 
been shrinking. Apparently, however, no data 
on local or regional trends of temperature or 
precipitation during these decades are avail- 
able. 

Drift bodies of two ages were recognized on 
Mt. Kenya, on the basis of weathering dif- 
ferences, by Nilsson (1931, p. 270); the dif- 
ference was confirmed by B. H. Baker (personal 
communication). The older drift extends some- 
what lower. The presence of two drifts implies 
that there were two periods of glacier expansion 
on that mountain. 

Correlation of end moraines through out- 
wash bodies with nonglacial sediments in the 
lower country surrounding the mountains does 
not afford much promise of success. On the 
Ruwenzori, the only mountain I ascended, 
stream valleys on the western flank are steep 
canyons, cut in bare rock, with no obvious 
outwash remnants. Indeed they contain little 
sediment other than stream-bed boulders and 
cobbles. If the valleys radiating from the 
summits of the volcanic cones are comparable, 
correlation of the glaciations with nonglacial 
sediments will have to be accomplished in some 
other way. 


Evidence of Relatively Wet Climates 


Rainfall and temperature—Some of the 
evidence in southern Africa indicates that rain- 
fall was greater than it is in the same areas 
today. The extent to which temperature 
changes may have accompanied change in 
amount of rainfall cannot be evaluated from 
existing evidence. At some places high lake 
levels and other features may have resulted 
not only from increased rainfall but also in part 
from decreased evaporation caused by lowered 
temperatures. At others red tropical soils 
might have developed because of increase in 
seasonal temperatures through threshold values, 
with or without conspicuous increase in rain- 
fall. No attempt can be made here to separate 
the factors of rainfall and temperature, but it 
should be understood that temperature 
changes of unknown amount may have ac- 
companied the inferred rainfall changes. 


Lacustrine features in Rift Valleys.—Al- 
though lake-floor sediments stand above the 
levels of existing lakes in both the Western and 
Eastern Rift Valleys, abandoned strand lines 
are probably the best measure of the depths of 
former lakes. Such strand lines have been re- 
ported from a number of lake basins in the 
Eastern Rift Valley (Fig. 6). Former higher 
lakes implied by this kind of evidence could 
have resulted from tectonic movements or 
from dams, principally volcanic. The draining 
of such a lake could result from tilting, in which 
case any strand lines affected would not be 
horizontal, or from erosion of an outlet, in 
which case evidence of the erosion should re- 
main. Hence horizontal strand lines, unrelated 
to any former outlet, are ideal evidence of 
climatic change. However, slightly deformed 
strand lines, sufficiently continuous to permit 
evaluation, are acceptable. 

The reconnaissance nature of most of the 
geologic work published on strand lines in the 
Rift Valleys leaves little basis for conclusions 
on this matter. However, the high strand lines 
of Lake Magadi and of the Naivasha-El- 
menteita-Nakuru sector are probably records 
of climatically controlled lakes; both are in the 
Eastern Rift Valley, in Kenya. 

LAKE MAGADI®: Lake Magadi (area about 35 
square miles) is fed by alkaline springs and is 
rising on the surface of its evaporites. As mean 
annual rainfall on the lake is only 14 inches 
and air temperatures are high, the lake is be- 
lieved to exist only because of the springs. 
About 40 feet above the present lake surface is 
a conspicuous embankment of laminated 
lacustrine silt. Of volcanic origin, but trans- 
ported to the lake by streams and wind, the 
silt contains fish remains. This embankment 
records an older, higher lake. Its surface, 
where in contact with bedrock, is believed to be 
essentially the strand line of the higher lake. 
Evidence of crustal warping or temporary dams 
is negative, nor is there evidence of a former 
outlet. By elimination, and unless the springs 
have fluctuated independently of climate, a 
climatic origin of the former higher lake be- 
comes probable. 

The lacustrine silt unconformably overlies 
two older sequences of lake beds, each having 
at its upper surface a soil rich in secondary 
carbonate. As both these older sequences are 


6 Data on Lake Magadi are from B. H. Baker, 
Kenya Mines and Geological Department, and were 
communicated during a visit to the lake with 
Mr. Baker. 
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deformed by faulting and tilting, it is not 
evident whether the lakes they represent were 
controlled by climate or by other factors. 
OLORGESAILIE BASIN: In Kenya, 31 miles 
southwest of Nairobi, the Olorgesailie lake beds 
occupy a former basin, about 50 square miles in 
area, of fault-block origin. They are about 170 
feet thick and consist mainly of tuffaceuos 


silts, marls, and diatomites, with at least 14 
disconformities as well as alternations of 
littoral and deep-water sediments. Fossil 


mammals place the sequence as mid-Pleisto- 
cene; at some of the disconformities hand axes 
and other artifacts occur also. The lake appears 
to have been drained by erosion, stimulated by 
minor faulting, at its outlet. As rainfall today 


354 

is es 
37° shec 
subs 
by | 
thot 
miles ber 
lack 
imp 
= bed: 
sequ 
0° han 
sub: 
core 
; desc 
caus 
long 
N 
Nai 
Nai 
basi 
sedi 
basi 
vole 
ae Plei 
| The 
ally 
on; 
193 
line 
in | 
Nil 
Sol 
ben 
con 
The 
“fre 
4 regi 
d 
| lak 
thr 
| abo 
Nai 
Nal 
ee wes 
st 
Val 
} and 
Fig 
int 
8 
| basi 
Nai 


ist 14 
ns of 
Fossil 
leisto- 
axes 
pears 
ed by 
today 


KINDS OF EVIDENCE OF PLEISTOCENE CLIMATES 


is estimated at 18-20 inches, and as the water- 
shed tributary to the former basin is small, 
substantially greater rainfall seems demanded 
by the existence of the lake. Climatic fluctua- 
tion is suggested by the disconformities; al- 
though the influence of earth movement cannot 
be ruled out, the number of disconformities and 
lack of angular unconformity makes this seem 
improbable. Conceivably the Olorgesailie lake 
beds are equivalent to one of the older lake 
sequences at Magadi. 

On the basis of both fossil mammals and 
hand-ax cultures, the Olorgesailie lake is 
substantially older than the highest lake re- 
corded by strand lines in the Naivasha basin, 
described hereafter, and was not recreated be- 
cause, after having been drained, the basin no 
longer existed. 

NAIVASHA SECTOR: The Naivasha sector of 
the Eastern Rift Valley lies in Kenya, between 
Nairobi and Nakuru. The three existing lakes, 
Naivasha, Elmenteita, and Nakuru, occupy 
basins that contain the strand lines and 
sediments of former much expanded lakes. The 
basins are in part tectonic, in part the result of 
volcanic dams.’ They are believed to be mid- 
Pleistocene, although correlation is not precise. 
The strand lines, although discontinuous, actu- 
ally are more nearly continuous than is shown 
on sketch maps (Nilsson, 1931, p. 291; Leakey, 
1931b, p. 499) made before 1935. The strand 
lines were measured as to altitude by leveling 
in 1927-1928 and were briefly described by 
Nilsson (1931, p. 290-300; see also J. D. 
Solomon i# Leakey, 1931a, p. 258). 

The shore features consist of surf-cut 
benches, small deltas, and beaches; the latter 
consist in places of small pebbles of pumice. 
The strand lines are broadly comparable in 
“freshness” to those in the Basin and Range 
region in western United States. 

Nilsson’s mapping shows that the highest 
lake identified in the sector was confluent 
through the three existing basins. It stood 
about 375 feet above the 1956 surface of Lake 
Naivasha and more than 600 feet above Lake 
Nakuru, and spilled southward around the 
western base of the volcano Longonot and its 
satellites into the Kedong Valley,® whose floor 


7A useful generalized N-S profile along the Rift 
Valley floor, showing the relative positions of these 
and other basins, is given by Leakey (1934, p. 300, 
Fig. 3 (2)). However, Lake Elmenteita is about 
50 feet higher than Lake Nakuru, not lower as shown 
in the profile. It is only a few feet deep. 

* The Kedong Valley drains southward into other 
basins, whose relationship to the history of the 
Naivasha basin has not yet been clarified. 
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is at least 1200 feet lower than the highest lake 
shore line. The lake outlet is represented by the 
Njorowa Gorge, a canyon 5 miles long cut into 
flows and lacustrine tuffs (Nilsson, 1940, PI. 
1C, p. 16). Features in the gorge suggest that 
there were at least two episodes of lake out- 
flow during which substantial erosion occurred; 
these were separated by a time when the lake 
surface was lower than the spillway, which 
today is about 180 feet above the 1956 surface 
of Lake Naivasha. The relationships of the 
inferred outflows to specific strand lines re- 
main to be established. 

Because the divide between the Naivasha 
basin and the Nakuru-Elmenteita basin, near 
Gilgil, is higher than all but the highest shore 
lines (Nilsson, 1931, p. 300), it is probable that 
the lakes in the two basins ceased very early to 
be confluent; after the early outflow, Njorowa 
Gorge was deepened by outflow from the 
Naivasha basin only. From plots of the strand 
lines surveyed, Nilsson (1940, p. 26-27) in- 
ferred similar subsequent histories for the lakes 
in the two basins. This is surprising, as the 
basins are at different altitudes, and their 
watersheds are quite different in area. 

The published results of leveling data on the 
strand lines are not easy to understand. 
Nilsson’s reconstruction, based on by far the 
greatest number of stations occupied, implies 
gentle, not wholly systematic deformation of 
these originally horizontal features (Nilsson, 
1931, p. 294-301, 1940, p. 24-28). Although 
it is not unreasonable to expect signs of recent 
deformation in the unstable Rift Valley, the 
inclination of the strand lines as_ plotted 
might result from some systematic instrumental 
error. 

In either case general inferences on the lake 
sequence would remain the same. As to what 
caused fluctuation of the lakes, the observed 
strand lines postdate all the volcanic rocks 
except for thin deposits of ash; hence the 
creation and erosion of a succession of volcanic 
dams is not admissible. Further, deformation 
of the shore lines, if real, is too slight to explain 
the succession of lakes through tectonic move- 
ments alone. In other words, although earth 
movements and volcanic activity could reason- 
ably explain the basins, they are inadequate in 
themselves to explain the succession of strand 
lines. By elimination, climatic change seems to 
be demanded. 

But could the climatic change itself be the 
result of tectonics? It is probable that down- 
faulting of the floor of the Rift Valley has re- 
duced the rainfall on the area thus lowered, for 


= 
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there is conspicuously less rainfall on the 
valley floor than on the plateau into which the 
valley is sunk, and this difference is clearly 
reflected in the contrasting assemblages of 
plants that cover the two areas. Therefore it is 
true that earth movement has resulted in 
climatic desiccation within a limited belt of 
country. All or nearly all this movement, how- 
ever, antedates both the strand lines and the 
floor sediments mentioned hereafter, all of 
which are late Pleistocene. The succession of 
lakes does not seem explicable in this way, and 
again general climatic change seems to be the 
probable cause. 

Climatic control of lakes in the Rift Valley 
was first suggested by Gregory (1921). It was 
supported by Nilsson in all his papers, and by 
J. D. Solomon (in Leakey, 1931a) after field 
work in the Naivasha sector in 1928. However, 
following additional studies in Uganda, 
Solemon (in O’Brien, 1939) expressed doubt as 
to the exclusive climatic control of lakes in the 
region and favored crustal movement as a factor 
in the creation and draining of Rift-Valley 
basins. Fuchs (1950) expressed similar views. 
The evidence in the Naivasha sector, however, 
supports climatic control as a significant factor. 

The existing lakes are shallow. Maximum 
depths in 1932 were: Nakuru, 9 feet; Fl- 
menteita, 6 feet (1929); Naivasha, 34 feet. 
The first two are saline; Naivasha is nearly 
fresh. A curve based on annual measurements 
(Nilsson, 1940, p. 34) shows that Naivasha 
subsided irregularly from 1916 to 1937. This 
could have resulted from climatic change, but 
the possible effects of human interference 
(deforestation and other vegetation changes, 
withdrawal of tributary water for irrigation) 
have not been evaluated. With a surface area 
that is large in proportion to its tributary 
drainage area, the lake can be expected to 
fluctuate sensitively with changes in tempera- 
ture and precipitation, on which, unfortunately, 
precise data are not available. Precipitation 
varies sharply with altitude, ranging from 21 
inches at 6200 feet (the altitude of Lake 
Naivasha) to 41 inches at 9500 feet (A. O. 
Thompson, unpublished manuscript). Nilsson 
194a0, p. 35) explained the low salinity of 
(Naivsha as the result of desiccation followed 
by rebirth within the last few millenia. There is, 
however, no direct evidence on this hypoth- 
esis. In summary, the few facts available on 
the regimens of the modern lakes seem com- 
patible with the concept of large fluctuations 
resulting from small changes in precipitation 
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and temperature sustained over periods of 
hundreds or even thousands of years. 

In addition to strand lines, other evidence of 
former larger lakes consists of floor sediments 
(tuff, silt, clay, and diatomite) distributed 
widely through the basins. In cuts made by 
tributary streams these sediments, nowhere 
known to be more than 200 feet thick, are 
exposed in a sequence of stratigraphic units 
separated by erosional unconformities. The 
sequence, set forth by Solomon (in Leakey, 
193la, p. 245) and by Nilsson (1931, p. 300- 
313), is constructed from sections exposed in 
and near Nderit Drift, Melawa Gorge, and the 
valleys of the Makalia and Little Gilgil rivers 
and also from the Gamble’s Cave II section 
listed by Leakey (1931a, p. 116-119) but not 
yet published in detail. The local sections are 
correlated by the succession of Upper Pale- 
olithic and post-Paleolithic artifacts they con- 
tain. The sequence shows that living sites along 
the shores shifted back and forth as the later 
lakes expanded and shrank. 

The floor sediments are not yet correlated 
precisely with the strand lines, mainly because 
artifacts occur in definite relation to strand 
lines at only a few places, where strand lines 
occupy caves. However, we are concerned here, 
not with the stratigraphy, but only with 
noting that sections in the floor sediments, like 
the strand lines, indicate repeated lake fluctua- 
tions during late- and post-Paleolithic (very 
late Pleistocene) time. 

The evidence from the Naivasha and Magadi 
sectors, from which the most abundant data are 
available, implies that late Pleistocene climatic 
changes have occurred. But the facts now 
known do not afford an adequate basis for 
estimating the magnitude of the changes. 

OTHER BASINS: Elsewhere in the Eastern 
Rift Valley similar lake features have been 
reported from the Baringo-Hannington basin 
(Nilsson, 1931, p. 316-322; Fuchs, 1950) and 
Lake Rudolf basin, and from other basins 
farther north in Ethiopia (Nilsson, 1935, p. 
5-9, 1940, p. 36-49). But such features cannot 
be accepted as evidence of climatic change 
without detailed analysis. Fuchs (1939) held 
that the basin of Lake Rudolf had been altered 
by faulting early in the Pleistocene, and that 
late Pleistocene movements had _ brought 
about a substantial rise of the lake surface. 
Later (1950, p. 170) he maintained that post- 
mid-Pleistocene faulting and volcanism had 
resulted in both upward and downward fluctua- 
tions of lake surfaces in the Baringo and Rudolf 
basins. 
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If detailed study demonstrates strand lines 
that are essentially horizontal and unrelated to 
a lake outlet, the hypothesis of climatic change 
is warranted. Lake Rudolf, receiving a mean 
rainfall of only about 8 to 10 inches and fed by 
streams draining high areas of much greater 
precipitation, should be sensitive to regional 
climatic changes. 

Emerged beaches are reported also from 
Lakes Natron and Manyara in Tanganyika, 
but the meager data from them do not justify 
inferences as to their history. 

In the Western Rift Valley the basin of Lake 
Rukwa, in Tanganyika, contains well-marked 
strand lines, apparently horizontal, up to 
about 625 feet above the present lake (Grant- 
ham in Leakey, 1952, p. 78-82). Lake sediments 
without strand lines also occur farther north in 
the Western Rift Valley, within the Belgian 
Congo (Cahen, 1954; Heinzelin, 1957). Arti- 
facts in them imply fluctuations of lake level 
extending back into the middle Pleistocene. 

Between the Eastern and Western Rift 
Valleys is the dissected plateau that contains 
the basin of Lake Victoria, in area the world’s 
second largest lake, despite the fact that it is 
rather shallow. The basin could possibly have 
originated by simple gentle downwarping of the 
plateau after the ‘“End-Tertiary” partial 
peneplane had been developed on it and then 
dissected, for that surface seems to pass be- 
neath the western shore of the lake. 

Emerged benches and beaches occur at 
various places around the coast of Lake Vic- 
toria. Near Homa Mountain on the east coast 
there are strand lines at 20 feet (said to be 
contemporaneous with a Mesolithic culture), 
35 feet, and 100 feet (Saggerson, 1952, p. 45). 
Patches of rounded pebbles at about 300 feet 
were reported by Oswald (1918) and were 
thought by him to be beach gravel. However, 
along the southern coast no strand lines higher 
than 60 feet have been found (Grantham in 
Leakey, 1952, p. 81). Post-strand-line warping, 
therefore, may have occurred. 

On the west coast, between Entebbe and the 
mouth of the Kagera River, persistent strand 
lines at 200 feet, 110 feet, 65 feet, 40 feet, and 
12 feet have been mapped.® The two higher 
strands appear to rise westward, but the three 
lower ones are essentially horizontal. Therefore, 
although warping may have affected this part 
of the coast before the 65-foot strand line was 
fashioned, the lower strands could be related to 


These and following data from W. W. Bishop, 
with whom I visited strand-line localities. 


climatic changes or to erosion at the outlet at 
Jinja, at the northern end of the lake. As no 
direct evidence of either has been reported, 
climatic change cannot yet be confidently in- 
ferred from the strand-line evidence at hand. 

In theory, however, a moderate decrease in 
rainfall could cause Lake Victoria to fall below 
its outlet level and become temporarily an un- 
drained lake. As it receives mean rainfall of 
about 40 inches, a value greater than that for 
the Great Lakes in North America, such a fall 
may seem unlikely at first. Yet when estimated 
inflow from streams is added to rainfall, and the 
total compared with discharge at the outlet, it 
appears that about 85 per cent of the water re- 
ceived by the lake is lost by evaporation 
(Brooks, 1925). Hence if rainfall were reduced 
only moderately, Lake Victoria might be 
lowered below its outlet. According to Worth- 
ington (1932) and Greenwood (1951), the dis- 
tribution of existing lake and river faunas, 
detailed elsewhere in this report, is compatible 
with the concept of former partial desiccation of 
Lake Victoria. 

Lakes older than those recognized mainly 
from strand lines are inferred from eroded lake 
sediments in both Rift Valleys and in the Lake 
Victoria basin between them. In the Eastern 
Rift Valley from Lake Magadi north to Lake 
Baringo the sediments are believed to date 
from mid-Pleistocene time; near Lake Rudolf 
older Pleistocene sediments are present. Near 
Lakes Albert and Edward in the Western Rift 
lower Pleistocene lake beds occur, and on the 
northeastern coast of Lake Victoria both lower 
and middle Pleistocene lacustrine strata have 
been identified. Owing to erosion or tectonic 
movements or both, the limits of the basins 
that contained these ancient lakes are either 
poorly defined or not defined at all. 

Cavern stratigraphy.—In a steep-sided hill 
named Twin Rivers Kopje, 15 miles southwest 
of Lusaka, Northern Rhodesia, a fissurelike 
cavern (Clark, 1955, p. 29-31) affords probable 
evidence of former precipitation greater than 
today’s 35 inches of seasonal rainfall. The hill, 
170 feet high, consists of steeply dipping 
coarsely crystalline Precambrian limestone. 
Thirty feet below its top is a small sinklike 
cavern (Fig. 7), largely filled with breccia, that 
subsequently has been partly eroded. Beneath 
the breccia is a partial pavement of flowstone. 
The breccia includes a fine-grained facies 
(reddish probably because of washed-in red- 
clay soil), grading into an overlying coarse 
facies, with fallen roof blocks, broken stalactites, 
and thin lenses of flowstone. Both facies con- 
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tain mammal bones and artifacts suggesting 
the proto-Stillbay culture. Exposed surfaces of 
the breccia contain solution cavities of various 
sizes. Some of those in the lower part are filled 
with the insoluble residue (including stone 
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As the surface watershed tributary to the 
cavern has an area of less than 800 square 
yards, factors other than direct rainfall are 
minimized. Changes in rainfall, then, should be 
reflected sensitively in the cavern regimen. 


10 ft. 


Refilled solution cavities 


COS 
EXPLANATION 


Fine breccia 


Coarse breccia with 
broken stalactites 


Flowstone 


FicureE 7.—D1AGRAMMATIC SECTION THROUGH CAVERN IN TWIN RIVERS KorpkE, NORTHERN RHODESIA 
Not to scale 


tools) resulting from re-solution of the breccia. 
Cavities in the upper part are filled with fine- 
grained gray earth containing artifacts of the 
Wilton culture. Calcareous cement has con- 
verted both breccia and post-breccia filling into 
firm rock. 

A cursory inspection of the cavern suggests 
these events: 

(1) Excavation of cavern with a roof more 
extensive than now; climate probably as wet as 
or wetter than today. 

(2) Partial filling with dripstone and flow- 
stone; climate at least as wet as in (1). 

(3) Beginning of unroofing; concomitant 
filling with insoluble red earth plus a few roof 
fragments; cementation of filling. Climate 
possibly drier than in (2), as suggested by 
apparent cessation of flowstone making and by 
implied conspicuous erosion of red soil upslope 
from the cave. 

(4) Rapid unroofing; nearly complete strip- 
ping of red-clay soil from watershed area up- 
slope; cementation of filling and deposition of 
flowstone. Climate possibly wetter than (3), 
as suggested by renewal of flowstone making. 

(5) Localized re-solution of filling exposed by 
unroofing; continued relatively wet climate, 
suggested by renewed solution. 

(6) Partial refilling, with gray earth, of 
solution cavities in breccia and bedrock; climate 
possibly drier than (5), as suggested by re- 
duced solution and implied increase in erosion 
upslope. 


In summary, fluctuation of rainfall is sug- 
gested although not proved by the features ob- 
served, but magnitude of fluctuation is not 
indicated. The process of unroofing may have 
been simply a result of long-continued erosion, 
in itself possessing no climatic significance. The 
associated cultures suggest that (6), a relatively 
dry time, may have been the Hypsithermal, and 
that the breccias may be many times older. 

Travertine aprons.—The Kaap escarpment in 
Bechuanaland, northwest of Kimberley, con- 
sists of Precambrian dolomite. Along parts of 
its extent it is characterized by remarkable 
accumulations of travertine. This calcium 
carbonate issued from springs in small valleys 
and was precipitated as the water evaporated or 
as its COz was absorbed by aquatic plants. 
Extensively exposed by large-scale quarrying, 
the travertine is seen to fill valleys. Evidently it 
blocked them and forced the streams to cut 
new channels. It also forms great carapaces 
built outward and downward over cliffs, with 
beds 100 feet or more in aggregate thickness 
and having dips as great as 75°, like the foreset 
beds of a classical delta. At some places at 
cliff edges the deposits are outright dripstones. 

Peabody (1954) contributed significantly to 
clarifying the origin of the travertines. He 
showed that there were four deposits, separated 
in time by episodes of stream erosion. Little 
travertine is forming today, probably because 
of generally small spring discharges, for 
evaporation at the nearest station, Kimberley, 
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js great, approximating 96 inches annually. 
Hence during precipitation of travertine, rain- 
fall probably exceeded today’s value of 15 
to 20 inches. On the other hand, as fossil 
plants in one of the massive travertine units are 
essentially the semiarid assemblage of today, 
the rainfall was not sufficiently greater to alter 
substantially the regional flora. Hence the 
travertines are ascribed by Peabody to the late, 
waning segments of relatively rainy periods, 
with whose peaks the episodes of valley cutting 
are correlated. In this scheme today’s climate 
falls near the dry end of the range of Pleistocene 
climates indicated by the assembled evidence. 
If the greater rainfall demanded by the presence 
of the travertine had been part of a climate 
characterized also by even drier or longer dry 
seasons than those characteristic of today’s 
climatic regimen, travertine deposition should 
have been even more rapid. 

The oldest travertine contains a cavern, in 
the breccia of which Australopithecus africanus 
and other extinct mammals have been found. 
As the cavern antedates valley cutting, which 
in turn antedates the next oldest of the four 
travertines, several alternations of climate 
extending back into middle or early Pleistocene 
time are indicated. 

Changes in grain size of colluvium; lag con- 
centrates—In moist areas with considerable 
relief, clay-rich mantle formerly believed to be 
residual soil is now recognized as colluvium, 
transported down-slope through considerable 
distances. The occurrence in vertical sequence of 
two or more bodies of such colluvium, separated 
by lag concentrates of the coarsest particles 
present, implies changes in the erosion-depo- 
sition conditions on slopes, such as alternations 
of soil creep and sheet erosion (Heinzelin, 
1955a). These changes very likely include 
changes in climate. Other possible causes are 
impairment of grass cover by fire and trampling 
by prehistoric people at campsites or by 
animals. 

These features, exposed in road cuts and 
stream banks, are widespread in hilly parts of 
western Uganda, Ruanda-Urundi, and eastern 
Belgian Congo. They are exposed also in rail- 
way cuts near Victoria Falls Station, Living- 
stone, Northern Rhodesia, overlain by sedi- 
ment containing a Sangoan culture. The 
phenomena deserve detailed study, one of the 
objects of which would be determination of the 
areal extent of individual sheets of colluvium 
and the form of the lag concentrates, some of 
which suggest the presence of small gullies. 

The value of intensive study of colluvium is 
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illustrated by the archeologic site at Khami 
waterworks, 13 miles west of Bulawayo, 
Southern Rhodesia, investigated by Bond 
(1957). The site is at the base of a dissected 
scarp consisting of steep domelike hills of fine- 
grained granite, largely bare of mantle. At the 
site are sediments consisting of grains of 
quartz, feldspar, and other minerals mechani- 
cally disaggregated from the granite and trans- 
ported mainly by rills and sheetfloods. The 
sediments, 10 feet thick, overlie a pedimentlike 
granite floor. Bond took samples of the sediment 
at close vertical intervals, separated the feldspar 
grains out of each, and weighed 600 grains from 
each sample. Weights were plotted against 
vertical position. On the assumption that runoff 
is proportional to rainfall and that competence 
of rills and sheetfloods ranges between the third 
and sixth power of velocity, he derived possible 
former rainfall maxima of about 36 inches per 
year and minima of about 22 inches per year, 
compared with today’s value of 25 inches per 
year. The possibility exists, however, that storm 
intensities rather than annual rainfall totals are 
indicated by these data. 

The 10-foot section was subdivided on the 
basis of six successive cultures. Largest diam- 
eters occurred at the interface separating the 
Stillbay culture zone from the overlying 
Magosian zone. In the section at Gamble’s 
Cave II in Kenya the Stillbay culture postdates 
by an apparently short interval a high stand of 
the lake in the Nakuru Basin, representing a 
wet climatic phase. 

Although bold, this kind of measurement and 
reasoning are promising and should be applied 
to other sites where analogous conditions 
permit. 

Soils with ferric oxides —Actively developing 
“red”? tropical soils and weathering profiles 
are distinctively distributed relative to climate. 
Their distribution shows that such soils require 
relatively high temperatures, at least at one 
season, and moderate to great rainfall. Al- 
though it has been rather widely thought that 
markedly seasonal rainfall is an additional re- 
quirement, there is reason to believe that 
various kinds of red loams in tropical regions 
can form without seasonal rainfall, but that the 
development of concretions and hard crusts of 
hydrated iron oxides does demand alternating 
wet and dry seasons." 


10 Some so-called red soils are brown (SYR to 
10YR in the Munsell color system). 

1 The supporting argument is stated in Mohr and 
van Baren, 1954, p. 365-373. 
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Development of red soils and weathering 
profiles of both kinds is favored by free sub- 
surface drainage and an acid-soil environment. 
They develop best in rocks of basic to inter- 
mediate composition. Under this combination 
of conditions silicate minerals rapidly decom- 
pose to bases, silica, and iron and aluminum 
oxides. Bases, followed by silica, are leached out 
of the surface zone, leaving sesquioxides of iron, 
aluminum, and manganese as residuum. 

With some red tropical soils the process 
seems to stop here. But with strongly seasonal 
rainfall and consequent fluctuation of the 
water table, the development appears to be 
more complicated. Leaching-out of bases and 
silica and their movement downward take 
place mainly during wet seasons. During dry 
seasons the water table subsides, but moisture 
moves upward by capillarity and evaporates 
in the zone between the water table and the 
surface. Its solutes are oxidized and are pre- 
cipitated, in a zone parallel with the surface, as 
small pelletlike concretions or as continuous 
crusts, some of them pisolitic or slaglike, of 
hydrous oxides of iron and aluminum. The 
crusts are sometimes erroneously termed 
laterite and are also known as lateritic iron- 
stones, a better designation, but the term 
ferricrete (Lamplugh, 1907. p. 198) is pref- 
erable. 

The sequence of events outlined is very 
generalized. The varieties and degrees of de- 
velopment of red tropical soils and weathering 
profiles are many. They result from variations 
in such factors as temperature, amount and 
seasonality of rainfall, parent materials, to- 
pography, and time. Lower limits of rainfall 
necessary for the production of various kinds of 
red tropfcal soils are not found in the literature, 
probably because the climate within the soil 
depends on all these factors, of which climate 
above the ground is only one. Nevertheless the 
principle seems valid that residual accumulation 
of iron sesquioxides in a developing soil requires 
high temperatures and moderate to high rain- 
fall and does not take place under continuously 
dry conditions. On this basis we can say that 
an ancient red soil, or components such as iron 
concretions or ferricrete layers in a moderately 
dry tropical area where such soil is not forming 
today, probably indicate former greater rain- 
fall. At present seasonality does not appear to 
be a critical factor, as the climates of the 
African subcontinent are seasonal. 

The areal distribution of red tropical soils 
now actively forming and that of ancient 
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Pleistocene soils of similar character should be 
determined. A large map showing the distriby- 
tion of red tropical soils in Africa—presumably 
modern soils still actively forming—appears in 
Schokalskaja (1953)." It is difficult to dis- 
tinguish between modern soils and relict soils 
that are at the present surface, as well as be- 
tween red-loam soils in place and colluvium 
derived from such soils where the occurrence is 
on slopes. Thick ferricretes are widely de- 
veloped in East Africa at or near the summits 
of hills that mark the positions of extensive 
pre-Pleistocene erosion surfaces and are 
present, although less well developed, in 
materials whose stratigraphic relationships 
imply a Pleistocene age. Probably most of these 
ferricretes are relict, and in most cases it is not 
known what soils are developing today in the 
same localities. However, according to Janmart 
(1953, p. 61), ferricrete is forming now in high 
northeastern Angola and in some places is 
thickening at a rate of about 1 mm per year. 

Despite the probable inclusion of some relict 
soils, the map referred to appears to represent 
the general distribution of red tropical soils 
now actively forming. Such soils extend from 
10°N. Latitude to 24°S. Latitude and when 
compared with rainfall maps are seen to be 
confined to areas receiving more than 40 inches 
of rainfall annually; the soils labeled “laterite” 
(ferricrete?) receive 60 inches or more. These 
values might be taken as provisional rough 
guides to the minimum rainfall implied by the 
occurrence of ancient red tropical soils else- 
where in the subcontinent. 

Ancient soils of red-tropical character are 
found to be more extensive than what are 
believed to be their modern counterparts. 
They occur not only in higher latitudes but also 
at lower altitudes where rainfall is less than the 
values deduced from the Schokalskaja map. 
These statements, based only on widely scat- 
tered observations, are subject to refinement, for 
no systematic survey of ancient soils has been 
made. Localities at which red-tropical soils are 
known to occur (mostly in alluvium) include the 
following, listed in condensed form: 


Red-tropical soil profiles without ferricrete 
or ferruginous nodules 


(1) High terrace of Semliki River, Belgian 
Congo, immediately north of Lake Edward; alti- 
tude, 3000 feet; rainfall approximately 20 inches 
(Heinzelin, 1955b, p. 99, 128). 


12 See also the sketch map reproduced in Mohr 
and van Baren, 1954, p. 374. 
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(2) Rwindi plain, south of Lake Edward; 
Lubilia River plain and Kazinga Channel north of 
Lake Edward; east and west bases of the Ruwen- 
zori. All at 3000-3300 feet; rainfall 20-30 inches. 
Similar soils are common at least 2000 feet higher, 
under 40-60-inch rainfall; even these may be relict 
in part. 


Soils with zones of ferruginous nodules or thin 
ferricrete 


(3) Kinangop Plateau east of Naivasha, Kenya; 
altitude, 8500 feet; rainfall about 35 inches. (Refer- 
ence on stratigraphy: Shackleton, 1955.) 

(4) Lusaka district, Kalomo district, and 
Victoria Falls (Clark, 1955, p. 19) in Northern 
Rhodesia; Bulawayo district (Jones, 1944, p. 39) 
in Southern Rhodesia; rainfall about 25 inches. 

(5) Magude, Mocgambique; Elandsfontain, 
Transvaal; rainfall 25 inches. 

(6) Southeastern Bechuanaland (Séhnge, Visser, 
and Lowe, 1937, p. 51); rainfall 18 inches. 

(7) Hopefield, northwest of Cape Town (two 
horizons; Mabbutt, 1956); rainfall 12 inches. 


In addition, the very fine-grained red in- 
terstitial material in the Older Gravels (see, 
for example, Cooke, 1946) along the Vaal River, 
mainly in the western Transvaal, is probably 
the residuum of a much-eluviated ancient soil. 
No soil profile remains, but the color (SYR4/4 to 
5R3/4) of the residuum, which coats the quartz- 
ose pebbles constituting the gravel, suggests 
that the former soil was rich in iron sesqui- 
oxides, probably derived from the diabasic 
Ventersdorp lava flows that underlie much of 
the region. The implied rainfall during the time 
of soil development is substantially greater 
than present values, which range from about 
10 inches in the west to more than 20 inches in 
the eastern part of the area of occurrence. 

All these occurrences are in areas where the 
mean annual rainfall is smaller, by widely 
varying amounts, than the minimum believed 
necessary for their development, and where the 
soils now forming are appropriate to the present 
drier climate. 

Ferricrete, developed in Precambrian rocks 
and in colluvium derived from them, is exposed 
at various places along the west side of Lake 
Victoria. At some localities the ferricrete may 
be related to a broad pre-Pleistocene erosion 
surface, apparently warped down so as to pass 
beneath the lake. At others, however, it appears 
to be Pleistocene, postdating emerged surf-cut 
cliffs of former higher shores of the lake. It 
seems possible that in such positions ferricrete 
(as at the Magude locality mentioned earlier) 
is not necessarily indicative of former greater 
rainfall. It might have resulted from alternate 


spray from surf during storms and drier local 
air during calms, the two conditions simulating 
a microclimate with seasonally high rainfall. 
The amount of spray created can be judged 
from the observation (W. W. Bishop, oral 
communication) that storm waves dash water 
against shore cliffs to heights as great as 15 feet 
above mean lake level. 

Apart from the presence or absence of 
ferricrete, soil color appears to be related 
systematically to climate in southern Africa. 
According to C. K. Brain (oral communica- 
tion), sampling of modern soils developed in the 
existing surface in Precambrian dolomite 
shows this relation of color to rainfall, which is 
strongly seasonal throughout the region: 


Mean annual 


4 Predominant color (Munsell scale) 
( inches) prox.) 
60-28 Moderate brown 5YR3/4 
28-15 Light brown to SYR5/6 to 
moderate brown 5YR4/4 
15-3 Dusky yellow 5Y6/4 


This seems to imply a change, with decreasing 
rainfall, from iron and manganese sesquioxides 
through iron sesquioxides to hydrous iron 
oxides. It suggests a means whereby ancient 
soils, buried within the Pleistocene stratigraphic 
sequence and developed from a single kind of 
rock might afford evidence of the climate 
prevailing when and where the soils developed. 

In summary, red tropical soils, ferricrete, and 
ferruginous concretions related to such soils 
seem to indicate Pleistocene climates that were 
wetter than those of today, provided Pleisto- 
cene age is established and local microclimates 
created by spray can be ruled out. An attempt 
should be made to determine within narrower 
limits the minimum rainfall, temperature, and 
seasonality under which such soil features will 
form; such an effort could be related to the soil- 
mapping programs of government agencies, for 
the soils now forming in any region must be well 
understood before the quantitative implications 
of the ancient soils can be realized. Although it 
has been asserted (e.g. Smuts, 1945, p. 43) that 
ferricrete is indicative of diminished precipita- 
tion following a phase of wet climate, it is not 
clear why this should be true. The climatic 
relationships of ferricrete seem to require only 
that temperature be relatively high and that 
rainfall be above a certain minimum, and 
markedly seasonal. 

Plants occurring as fossils at stations where 
today’s climate is too dry or too warm for them.— 
The biogeography of southern Africa is so little 
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known that few comparisons of existing and 
former ranges of critical organisms have yet 
been made. A discovery at the southeast end of 
Lake Tanganyika promises useful data on 
climatic change. The site (Clark, 1954b) is 
Kalambo Falls, at the boundary between 
Northern Rhodesia and Tanganyika. There 
sediments of a former local lake, stratigraphi- 
cally identified by evolved Acheulean and San- 
goan cultures, contain fossil wood and pollen. 
Much pollen is present, and wood (Cynometra 
sp.) associated with it has been dated by C¥ 
at >53,000 years B.P. At present Podocarpus 
grows in the surrounding region only on ridge 
tops more than 5500 feet in altitude, where 
rainfall is of the order of 80 inches, and tem- 
perature is low. The altitude of the fossil 
locality is 3500 to 4000 feet and receives much 
less rainfall than do the ridge tops. 

Furthermore there is no adjacent higher land 
on which the trees could have grown and from 
which the wood could have been washed down 
to the locality in which it was found. The 
nearest known living Podocarpus forest is 60 
miles distant, at an altitude of more than 7500 
feet. The inference is justified that the fossil 
trees indicate a formerly greater rainfall at the 
Kalambo locality. Unfortunately comparative 
temperature data are lacking, so that although 
a former lower temperature can be reasonably 
assumed, it is unconfirmed by measurement as 
yet. 

Disjunctions of living ecologic groups.— 
Moreau (1933, 1952) developed an argument 
leading to the concept that rainfall was greater 
and temperature less than they are at present 
in equatorial and subequatorial Africa. It runs 
thus: Montane forests of tall evergreen trees 
are confined to highlands with altitude suf- 
ficient to receive more than 40 inches of rain; 
such forests, shown on a sketch map (Moreau, 
1933, Fig. 1) are widely scattered from Lake 
Nyasa north and west to the Ituri highland in 
the Belgian Congo. At high altitudes in these 
forests is a temperate bird fauna, believed to be 
incapable of adapting to nonforest conditions. 
Accordingly it is suggested that the distribution 
of both forest flora and birds, now isolated and 
patchy, was formerly continuous. 

The country that now separates the high- 
lands is mostly savanna and drier terrain at 
altitudes of from 4000 feet down to less than 
2000 feet and receiving about 30 inches of rain 
or less. As evergreen forest will grow anywhere 
in East Africa with 45-50 inches of rainfall, a 
sustained regional increase of 10-15 inches 


should have resulted in continuous forest. 
Increase in rainfall would have been favored 
by lowered temperature. 

As most of the highlands seem to have been 
formed in Plio-Pleistocene tiine, the forests 
occupying such highlands are inferred to be no 
older than Plio-Pleistocene. They can be 
reasonably assumed to have been continuous 
when large lakes occupied the basins in the 
Naivasha segment of the Eastern Rift Valley. 

A similar isolated forest, containing many 
species identical with East African species, 
occurs in the Cameroun, 1200 miles northwest 
of the Ituri highland; here also former inter- 
change of montane organisms, across what is 
now mostly low-altitude savanna, seems to be 
implied. In this case, especially, increased 
rainfall alone is not enough, for the high tem- 
peratures at the low intervening altitudes 
would have constituted a barrier. If mean 
temperature had been at least 5°C. lower than 
its present value of around 25°C., communica- 
tion should have been possible (Moreau, 
1952, p. 907). 

Although this kind of evidence hardly com- 
pels the inference of formerly lowered tempera- 
ture at the equator, it should be considered in 
any evaluation of late Pleistocene climatic 
changes. Its bearing on the rationale of Pleisto- 
cene climatic change put forth by Simpson 
(1957), according to which wet periods in the 
tropics should have been not cooler but warmer 
than dry periods, is worth noting also. 

A study of the distribution of living water- 
bugs in Africa (Hutchinson, 1933) suggests that 
climates both wetter and drier than the present 
climates affected the continent during the 
Pleistocene. 

Stream gravel.—Although coarse stream 
gravel in several localities in East Africa has 
been cited as evidence of former increased rain- 
fall, the implied argument (more runoff, greater 
stream discharge, greater competence) is 
fraught with uncertainty. Even were it satis- 
factorily established that such gravel is never 
moved today, even during exceptional floods, 
the distribution in time as well as the annual 
amount of inferred former rainfall would have 
to be considered. It could be argued that a 
given mean annual rainfall so spaced as to 
create a few flash floods could result in alluvium 
coarser than that obtainable from the same 


13 The isotopic temperatures of tropical surface 
sea water, determined by Emiliani (1958) as about 
5°C. lower during glacial maxima than existing 
temperatures in the same region, point in the same 
direction. 
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rainfall occurring in equal daily increments. 
Even this is an oversimplification, for weather- 
ing and mass-wasting also would be affected by 
climate and would in turn influence both mean 
and maximum diameters of the rock particles 
constituting stream loads. So many variables 
are involved that for the present, at least, it 
seems best to avoid direct and simple inferences 
from diameter measurements in coarse allu- 
vium. When detailed data on entire stream 
systems are developed, it may become possible 
to draw significant inferences from grain-size 
distribution in ancient alluvium. 


Former Relatively Dry Climates 


Limitations of the term.—A different group of 
sediments, land forms, and other phenomena 
affords evidence of former climates that were 
relatively dry. The expression “relatively dry” 
is preferable to “drier than today” because in 
some instances, at least, it can be inferred only 
that the climate was dry relative to a climate 
that preceded or followed it; its relationship to 
today’s conditions is not known. None of the 
existing evidence indicates certainly that any 
Pleistocene climate in southern Africa was 
radically drier than today’s, although slightly 
drier conditions seem probable. 

The evidence of “relatively dry” climate over 
the subcontinent cannot be expressed in mean 
annual rainfall values with assurance. Quite 
possibly such evidence could be attributed in 
part to a dry season that was formerly relatively 
longer, with less change in over-all annual 
precipitation than would otherwise be implied. 
In fact it is conceivable that lengthening of the 
dry season, with no change at all in the annual 
rainfall, might give rise to features of the kind 
described in the following paragraphs. 

Wind-blown sand.—Pleistocene or mainly 
Pleistocene sand of chiefly eolian character has 
been recognized widely in northwestern South 
Africa, the western part of the Rhodesias, 
eastern Angola, and the southern part of the 
Belgian Congo. Most of it is reddish or brownish 
(typical samples are classified as 10R4/6 to 
SYR4/4). Its thickness varies, and locally it is 
present as two or three stratigraphic units 
separated by units of other origins. Its Pleisto- 
cene age is established at various points by its 
relationship to stream terraces, to culture 
horizons, and to a dissected, End-Tertiary(?) 
broad erosion surface. The greatest unbroken 
extent of the sand is in Bechuanaland and 
southern Angola. In most of the region in which 
such sand is at the surface, it is coveréd with 
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vegetation, mainly grass and shrubs, and is not 
actively moving. Hence former drier conditions 
are implied. 

Throughout most of its extent the Pleistocene 
sand is underlain unconformably by a sequence 
of sediments, a few tens to a few hundreds of 
feet thick, known as the Kalahari Beds (South 
Africa and Bechuanaland) or Kalahari System 
(Belgian Congo). The name is derived from the 
Kalahari region, a dry region roughly coin- 
cident with the Bechuanaland Protectorate. 
Said to be late Tertiary because of its relation- 
ship to erosion surfaces, this sequence consists 
primarily of sandstone but includes also con- 
glomerate, siltstone, clay, and marl. Some 
samples of the sand are rounded, frosted, and 
well sorted; this is perhaps the basis of a belief 
that all the sand is eolian. Undoubtedly much 
of it is, but extensive alluvial and lacustrine 
sediments are recognized also. The Kalahari 
beds appear to have been deposited in shallow 
basins and on plains surfaces. They are now 
mainly a plateau cap or cover with a distinct 
margin that is being actively dissected. Un- 
questionably the cover originally was more 
extensive. 

Although there are clearly two major 
stratigraphic units, one Pleistocene and one 
pre-Pleistocene, the name “Kalahari sand” 
(Passarge, 1904) has been applied to both, with 
resulting confusion. Recently occurrences of the 
Pleistocene sand have been referred to as 
Kalahari-type sand and as redeposited Kalahari 
sand, terms that at least represent an effort 
at discrimination. Understanding of the eolian 
sediments would be furthered if they were not 
called Kalahari sands. They are not part of the 
Kalahari Beds (Kalahari System), which are 
pre-Pleistocene. Nor is it established, nor even 
likely, that all such sediments—the extensive 
sands in coastal Mocambique, for example— 
were derived from the Kalahari region. They 
should be called Pleistocene eolian sands until 
they can be given local formation names. 

The main region of Pleistocene sand is 
marked in some areas by massive longitudinal 
dunes, whose trend, broadly west-east with 
variations, apparently indicates wind directions 
at the times when they were built; but, as they 
have been mapped only locally (see, for example, 
Lewis, 1936), little is known about them. 
Where closely observed, the dunes postdate 
deep dissection of the Kalahari Beds. Du Toit 
(1954, p. 462) speculated that the Pleistocene 
sand was blown mainly from arid South-West 
Africa, but it seems more probable that it was 
derived from many local sources, chiefly in the 
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FicurE 8.—SkKEtcH Map SHowinc DistriBuTION OF KALAHARI BEDS AND ORIENTATION OF ELONGATE 
SAND DUNES 

Dunes (mostly of the longitudinal type) are undoubtedly far more extensive than shown. Area of Kalahari 

Beds compiled from several geologic maps. Dunes compiled from data in Lewis (1936), Clark (1957), and 


direct observation. The 10-inch isohyet is shown also. 


Kalahari Beds, and that it has been reworked 
repeatedly. Mineral-provenance studies of 
limited areas, such as the study of samples 
from marginal areas in Bechuanaland made by 
Arie Poldervaart (in Clark, 1957, p. 106-114) 
are the best way to determine the origin of the 
sand. Studies of the shape, character of surface, 


and sorting of the sand grains, such as the 
study of samples from Victoria Falls made by 
Geoffrey Bond (in Clark, 1957, p. 115-122), are 
the best way to make sure the sand bodies 
dealt with are eolian. 

The orientations of longitudinal dunes 
(Fig. 8) should indicate effective wind direc- 
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tions during dune building. Wellington (1955, 
p. 55, 197) showed that dunes in the southern 
part of the Kalahari region are parallel with 
light northwesterly winds that are strongest in 
the afternoon in both summer and winter. If 
the dunes were built by these winds, no radical 
change in the atmospheric circulation in this 
region is indicated. 

What are the climatic implications of the 
Pleistocene sands of Kalahari type? Clearly 
these sediments were laid down at times when 
the mantle of vegetation (mostly grass and 
shrubs) that now covers them was discontinu- 
ous or lacking. Very probably the times of 
deposition were marked by climates sufficiently 
dry to have impaired the vegetation cover. 
How dry were they? Today, vegetation thins 
toward the southwest in the direction of de- 
creasing rainfall. It becomes thin enough to 
permit active deflation where rainfall is less than 
10 inches, and probably also at higher values, 
but the data are so scattered that it is difficult 
to fix a threshold value. In other parts of the 
world sand in continental interiors is known to 
lose its grass cover in places and to begin to 
move under as much as 16 inches of rainfall. 
This comparison of crude annual values is, 
however, weakened by the differences imposed 
by distribution of rainfall within the year. A 
strongly seasonal distribution should permit 
sand movement at higher annual precipitation 
values than would a less seasonal climate. 

A distinction should be drawn between 
longitudinal dunes and eolian sand having 
other surface forms. Areas of active longitudinal 
dunes in southwestern United States and in 
central Australia are limited approximately by 
the 10-inch isohyet. It may be, therefore, that 
at the times of most active former deflation the 
parts of southern Africa that are marked by 
longitudinal dunes received rainfall of 10 
inches, or possibly more if, as is likely, rainfall 
was seasonal. 

We have, then, suggested crude maximum 
values of 10 inches or more for longitudinal- 
dune areas and 16 inches or more for other sand. 
Comparison of these values with today’s rain- 
fall is met in order. Inactive longitudinal dunes 
occur in the southwestern region, with as little 
as 10 inches of rainfall, and as far east as the 
western part of Southern Rhodesia, which re- 
ceives as much as 25 inches. Hence it could be 
inferred that at dry times in the past, annual 
rainfall may have been 15 inches less than it is 
today, differences due to changes in seasonality 
being neglected. 

Inactive sand not in longitudinal dunes is 


more widespread and occurs through a greater 
range of present-day rainfall values. In parts of 
southeastern Belgian Congo and northeastern 
Angola such values reach 60 inches but with 
markedly seasonal distribution. At Elisabeth- 
ville, northeast of the sand region, the annual 
mean is 47 inches, but of this amount only 1.3 
inches falls during the 6-month dry season. 
Because of this strong seasonality it would be 
unrealistic to apply a 16-inch threshold deduced 
from less seasonal areas on other continents 
and suggest that annual rainfall was formerly 
30 inches less than today. It is more likely that, 
with such seasonality, only a moderate reduc- 
tion of today’s rainfall could cause movement 
of sand during the dry season. 

The foregoing discussion shows what a 
slender basis exists as yet for quantitative 
climatic influence from eolian sand. One special 
kind of study, however, has been made by 
C. K. Brain (im Clark, 1957, p. 143-148; also 
unpublished data) on the sediments found in 
breccias filling the early Pleistocene caves in 
dolomite at Sterkfontein, Swartkrans, Krom- 
draai, and Makapan in the Transvaal, where 
Australopithecine fossils have been found. The 
sand-size particles occurring as incomplete 
mantles on dolomite hillsides in that region 
consist of a mixture of (1) minute chert nodules 
from the dolomite, released by solutional 
weathering, plus other local mineral grains, and 
(2) quartz particles less angular and reasonably 
inferred to have been wind-blown from sources 
outside the district. Samples of hillside mantles 
on dolomite in the vicinity of the caves (rain- 
fall 28 inches) show good agreement among 
themselves in the proportion of eolian to other 
grains, suggesting that the proportion depends 
on climate. Samples of the sand fraction re- 
moved from the cave breccias vary systemati- 
cally with stratigraphic position in the breccias, 
suggesting corresponding changes in rainfall if 
eolian sand is assumed to increase with drier 
climate. That the assumption is reasonable is 
indicated by samples of hillside mantles at 
many localities throughout southern Africa; 
with decreasing rainfall, the proportion of 
rounded quartz grains increases. This seems to 
make possible an approximate calibration of 
rainfall changes with time during accumulation 
of the breccias, a process of probably early 
Pleistocene date as suggested by the fossil 
mammals found in them. Variations through an 
amplitude of about 10 inches on each side of 
today’s rainfall of 28 inches or so are recorded, 
three on the dry side and one on the wet side. 
On this evidence alone it would seem that 
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today’s rainfall value is not far from an average 
value for the part of middle Pleistocene time 
represented by the breccias. 

Brain’s study implies that the relative con- 
centration of eolian sand grains on the present 
surface is related to present annual rainfall 
values, and the use of this relationship for 
calibrating variations in former rainfall seems 
soundly based. However, Pleistocene eolian 
sand might have resulted in part from lengthen- 
ing of the dry seasons, with correspondingly 
smaller change in total yearly precipitation 
values. No systematic means of investigating 
this possibility seems evident, other than 
accurate observation of the results of present- 
day variations in rainfall seasonality and 
rainfall totals, as well as of groups of unusually 
effective ‘soil storms” like those reported by 
V. L. Bosazza (in Clark, 1957, p. 131). If 
annual rainfall and seasonal distribution of 
rainfall are recognized as two different things, 
serious errors are not likely to be made. 

Deflation basins.—Basins universally known 
as pans occur throughout a wide region of the 
subcontinent, extending from South-West 
Africa to the eastern Transvaal and from the 
Orange Free State to Northern Rhodesia. The 
basins range in shape from subcircular to oval 
to irregular, in diameter from a few tens of 
yards to several miles, and in depth from 2 or 3 
feet to as much as 200 feet. Their slopes are 
generally smooth and little indented by minor 
drainage lines. The pans occur mainly in areas 
of clay, silt, or fine sand or in rocks yielding 
such sediments as they become weathered. 
Examples are Pleistocene alluvium and the 
Dwyka and Ecca shales of the Karroo system. 
Pans are found also in dolomite. Distribution of 
pans is irregular both in detail and in general. 
They occur in shallow alluvium-filled valleys 
but more commonly on broad flat interfluves 
that represent a mid-Tertiary(?) erosion sur- 
face. Throughout the region of their occurrence, 
mean rainfall ranges from 5 inches in the 
extreme west to 30 inches" in eastern Transvaal, 
and in Rhodesia is as much as 35 inches. A few 
now contain shallow lakes, and most are at 
least partly clothed with vegetation. 

Although some of the pans that occur in 
relatively soluble rocks may be wholly or 
partly products of solution, most are, by 
elimination, the result of deflation, as has been 
widely recognized. Wallowing animals may 
have helped deepen some of the smaller basins 


14Of which about 80 per cent falls within a 
5-month wet season. 


(Du Toit, 1954, p. 466), but animal wallows 
imply the pre-existence of a basin. The pans 
in the eastern and northeastern part of the 
region are inactive today; many of those in the 
arid west are still active. 

Little is known as to limiting dates of origin 
of the pans. A few basins are excavated in 
bodies of alluvium that on culture evidence 
must be very late Pleistocene. As some of these 
are apparently inactive today, it is reasonable to 
infer that a climate drier than today’s pre- 
vailed (although not necessarily for long) 
quite recently, possibly within the last 10,000 
years. Excavation of selected pans might repay 
test excavation in the hope that alternating 
dry and moister climates might have left a 
record in the form of a thin stratigraphic 
sequence, perhaps with culture remains, from 
which age and history might be read. 

The pans are much like the basins that occur 
by the thousands on the Great Plains in the 
United States, from Montana south to New 
Mexico and western Texas, in a belt in which 
rainfall ranges between 10 and 20 inches. 
Many of the American basins are now inactive, 
but during the dry years in the 1930’s some were 
activated and new ones were created, and it is 
probable that many were active during the 
warmest and driest part of the Hypsithermal 
time between about 9000 and about 3000 
B.P. African and North American basins can- 
not be compared with confidence, because the 
seasonal African rainfall permits deflation at 
higher annual values than would be possible in 
western United States. Probably a slight de- 
crease in the rainfall now prevailing would 
reactivate large numbers of pans. 

Soils with secondary carbonates: In parts of 
western North America, northern India, central 
Australia, and other dry regions in which 
evaporation exceeds precipitation, there occur 
soils whose B horizons contain secondary cal- 
cium (and in some cases magnesium) carbon- 
ates, accumulated a few inches to a few feet 
below the surface. Zonal soils that commonly 
possess secondary carbonates include Cherno- 
zems, Chestnut soils, and Desert soils. The 
carbonates occur as nodular or concretionary 
bodies of various sizes or as subhorizontal 
lenticular masses (caliche) cementing the rock 
particles among which they form. These soils 
occur under covers of grass or desert shrubs; in 
the United States mean annual precipitation in 
the region of their occurrence is commonly 25 
inches or less. 

In southern Africa and in parts of equatorial 
Africa analogous soils occur, with concretions of 
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olive-gray calcium carbonate (kunkur'®) or, 
less commonly, as more massive layers (cal- 
crete; Lamplugh, 1907). The concentration of 
carbonate depends on a number of variables, 
including quantity of available calcium in the 
parent material as well as air temperatures and 
amount and seasonal distribution of rainfall. 
Other, unevaluated geochemical factors may 
be significant also. 

The distribution, within southern Africa, of 
soils in which calcium carbonate is actively 
accumulating apparently has not yet been 
defined. About 18 inches can be suggested 
tentatively as the annual rainfall below which 
carbonate in soils can be expected. That this 
value is lower than the value prevailing in 
western United States is probably attributable, 
despite higher temperatures, to the strong 
seasonality of southern African rainfall, in 
consequence of which fewer alterations of 
wetting and drying of soils are likely to occur. 

Carbonate in the form of kunkur is wide- 
spread in ancient soils, developed mainly in 
Pleistocene alluvium, in areas where rainfall 
ranges between 20 and 30 inches; in places it 
occurs where rainfall exceeds 30 inches. It has 
been generally inferred that rainfall values were 
smaller than today’s at the times of accumula- 
tion, some of which are fixed relatively by 
associated artifacts. 

Ancient soils with kunkur, developed in 
bodies of alluvium exposed in stream terraces 
and commonly overlain by younger alluvium, 
are widespread in the Rhodesias and in many 
parts of the Union of South Africa. In the 
Rhodesias and the Transvaal, at least, the 
zones of kunkur occur persistently at the same 
horizons as determined by cultures and by 
stream-terrace stratigraphy and morphology; 
these kinds of evidence are internally con- 
sistent. As rainfall on much of the region ranges 
between 20 and 30 inches, and in some areas is 
less than 20 inches, no great former decrease is 
demanded by the presence of kunkur zones. 
However, kunkur occurs at places in coastal 
Mocambique where rainfall today reaches 35 
inches. 

In East Africa, kunkur zones were seen ex- 
posed principally in areas which even today are 
rather dry. In Kenya the Olorgesailie lake beds, 
already described, overlie two such zones, 
implying that the climate was at least as dry as 
it is today shortly before the inception of the 


* Spelled thus in Page (1865, p. 269), and as 
kankar or kunkur in the early description by Med- 
licott and Blanford (1879, pt. 1,p. 381); the word 
's of Hindu origin, and means gravel. 
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lake. In the Magadi basin, also described earlier, 
kunkur zones are developed immediately below 
the two interfaces of unconformity that 
separate the three lake sequences; the climatic 
implication is the same as at Olorgesailie. In the 
sequence exposed in the Olduvai Gorge in 
Tanganyika, one or two such zones, locally 
with calcrete, postdate Bed 5 and postdate a 
culture of Capsian aspect. Farther west, at 
various localities on the floor of the Western 
Rift Valley near Lake Edward, kunkur zones 
are exposed in the upper part of the Kaiso beds 
of early Pleistocene age and also in upper 
Pleistocene sediments. On the northeast shore 
of Lake Victoria kunkur occurs at surfaces cut 
across the lower Pleistocene Kanam beds and 
the mid-Pleistocene Kanjera beds but may 
postdate both beds. The nearest station with a 
rainfall record, Kisumu, 20 miles to the north, 
reports 40-48 inches of rainfall, but in this case 
crustal uplift as a partial cause of climatic 
change is less readily ruled out than in the case 
of the more recent carbonates. 

The problem of the distribution of soils with 
carbonates is complicated by the presence at 
the surface of degraded ancient soils, which can 
be distinguished from actively forming soils 
only through detailed examination. In large 
areas of East Africa, absence of secondary 
carbonates expectable under today’s dry climate 
has been attributed to loss of mobile bases by 
leaching under an earlier wetter climate (G. 
Milne, cited in Mohr and van Baren, 1954, p. 
452). In such cases geology as well as soil 
morphology must be considered, because 
scarcity of available calcium in parent material 
might possibly explain the lack of calcium 
carbonate in an ancient savanna soil. 

A soil without carbonates, but suggesting a 
history similar to that implied by the soils with 
kunkur, is exposed in the Lusaka district in 
Northern Rhodesia, where present rainfall is 
about 35 inches. The soil appears to be a 
Chernozem, now degraded by oxidation of 
iron, developing a reddish hue. It suggests a 
former drier climate (G. W. Bain, personal 
communication). 

In summary, secondary carbonates in soils 
appear to offer a promising means of identifying 
relatively dry Pleistocene climates, provided 
other influences can be eliminated. When at 
least moderately detailed maps can be com- 
piled, showing the distribution of (1) such soils 
in the active state, (2) ancient soils of similar 
character, and (3) present-day rainfall, they 
should afford a clue to a former rainfall pattern. 

Erosional unconformities within lake sedi- 
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ments.—Unconformities within lake sediments 
imply fluctuation of lake levels. Fluctuation is 
explained most simply by climatic desiccation. 
Such unconformities have been mentioned as 
occurring in the Magadi, Olorgesailie, and 
Naivasha-Nakuru basins. They occur also in 
the sequence at Kalambo, Northern Rhodesia, 
mentioned in a preceding section. Some of the 
unconformities are characterized by groups of 
artifacts, which may make correlation among 
basins possible. 

Biogeography of fresh-water faunas.—In lakes 
and streams in East Africa there are two 
distinct vertebrate faunas separated by a 
sinuous east-west line. North of the line, Lakes 
Rudolf and Albert and the Albert Nile contain 
a varied fauna. including Nile perch and other 
distinctive fishes. South of it, Lakes Kioga, 
Victoria, and Edward lack these fishes but 
possess an endemic fauna developed from only 
a few genera. The dividing line passes through 
the Murchison Falls on the Victoria Nile and 
the rapids of the Semliki River, which flows 
from Lake Edward into Lake Albert. More- 
over Lake Edward lacks crocodiles, although 
the lower Pleistocene Kaiso beds, exposed near 
the lake, contain fossil crocodiles and Nile 
perch as well. Lungfish and catfish, both capable 
of surviving desiccation, are found on both 
sides of the line. 

According to Worthington (1932), a reason- 
able explanation of these facts is the hypothesis 
that the Nile fauna was once common to all the 
lakes, but that in a dry middle part of Pleisto- 
cene time Victoria, Kioga, and Edward 
shrank and became swamps, extinguishing 
many of the aquatic vertebrates. With sub- 
sequent re-establishment of the dried-up lakes, 
repopulation from the Nile system was pre- 
vented by the falls and rapids downstream. 
If Lakes Albert and Rudolf dried during the 
same time, they could have been recolonized 
from the Nile, which lacks falls. 

Greenwood (1951, p. 20) believed that 
species evolution had occurred in two parts, of 
which only the second is referable to post- 
middle Pleistocene time. He emphasized the 
view that middle Pleistocene desiccatien was 
not complete, and that Lake Victoria, at least, 
was probably then a small body of water with 
flanking swamps. 

No evidence in the published record suggests 
that the outlet of Lake Victoria has ever been 
elsewhere than at Jinja, the present outlet, 
marked by a falls and shallow gorge cut into 
Precambrian crystalline rocks. 

The possible reversal of the Semliki River 
(Heinzelin, 1955b, p. 119) occurred, if at all, 
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in late Pleistocene time and is therefore yp. 
likely to have been related to the suggested 
desiccation of Lakes Edward, Victoria, ang 
Kioga. Heinzelin placed the latter event much 
earlier in the Pleistocene, presumably to allow 
time for speciation within the fish faunas after 
those lakes had been re-established. 

Cutting and filling by streams.—In parts of 
Rhodesia, Mocgambique, and the Union of 
South Africa the Pleistocene sequence consists 


mainly of dissected alluvium, occurring as | 


several bodies and constituting fill terraces and 
veneers on rock terraces in valleys both large 
and small. Although the sequences vary 
locally, they show broad regional similarities 
which, together with similarities in the sequence 


of artifacts found in and upon them, afford a | 


basis on which correlation from one major 
valley to another has been attempted. 

In general the sequences consist of one or 
more bodies of high-level gravel and a group of 
lower and younger sediments ranging from 
gravel to silt according to valley and locality. 
In most places the older, high-level gravels have 
been altered by differential weathering, eluvi- 
ation, settling, and creep to a quartzose 
residuum whose individual pebbles and cobbles 
are no longer in the positions in which they 
were deposited. In places the residuum includes 
pebble tools of Oldowan character (e.g. Clark, 
1954a, p. 13, 14), similar to those found else- 
where in association with mid-Pleistocene 
mammals. The younger and lower terrace 
sediments contain, in places, more developed 
cultures such as the Fauresmith and Sangoan. 

At localities along the Vaal River the two 
groups of sediments are separated by wind- 
blown sand indicative of a climatic phase dry 
enough to have impaired the cover of vegeta- 
tion. Such a phase need not have been much 
drier than the climate of today. Reworked 
sand of the same character occurs in places 
within or upon the younger group of alluvial 
units, implying at least two, possibly quite 
minor, dry phases of comparatively late date. 

The sequence as a whole represents episodes 
of alluviation alternating with episodes of 
downcutting, with eolian activity immediately 
following some downcutting episodes. Although 
the relationship of eolian activity to climate is 
fairly evident, the climatic inferences to be 
drawn from stream cutting and filling are less 
clear. As a rule no fossils are found in the 
alluvial sediments, and the artifacts occurring 
in and upon them do not in themselves afford 
evidence of the climatic conditions, other than 
that sufficient water was present to support 
bands of people occupying at least temporary 
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habitations. It has been repeatedly held that the 
general similarity of the sequences in several 
valleys having different orientations precludes 
crustal movements and other local or one- 
directional causes and by elimination implies 
dimatic change. Although very broad epeiric 
uplift of southern Africa, such as has mani- 
estly occurred since Pliocene time, is not 
axcluded as at least a partial cause of the 
utting that separates the two chief groups of 
terrace sediments, climate can be accepted as 
, probably significant factor in cutting and 
filling. 

Doubtless few would deny that a given 
change in climate could be expected to have 
variable results in the stream channels of any 
particular district, according to variations in 
such factors as bedrock, soil, slope angle, kind 
of vegetation, and area of watershed. It has 
been claimed that much of southern Africa is so 
nearly uniform in these respects that factors 
other than climate are minimal. It is question- 
able, however, whether knowledge is sufficient 
to support this claim. 

On the assumption that climate is the dominant 
factor, the following argument has been em- 
ployed."* In southern Africa, owing to generally 
low rainfall values and seasonal rainfall dis- 
tribution, the vegetation cover today tends to 
be discontinuous except at relatively high 
altitudes. Most of the continuous grassland or 
forest is in Natal and along the south coast of 
the Cape Province; the rest is mainly savanna 
and semidesert with discontinuous plant cover. 
Assuming, then, a terrain that lacks a contin- 
uous cover of vegetation, increased rainfall or 
increased length of the rainy season should 
result in increased sheet erosion and gully 
cutting on the unprotected surface. This in 
turn would increase rates of transport of 
sediment on slopes and in headwater areas. If 
major streams were already in approximate 
equilibrium, the result should be alluviation in 
major valleys. Hence bodies of ancient alluvium 
are correlated with times of relatively great 
rainfall; conversely incision by major streams 
is attributed to drier episodes. 

This scheme correlates marked headwater 
erosion with mazked valley alluviation but does 
not consider differences in grain size that 
might be expected, such as the production, on 
appropriate rocks, of joint-block fragments 
teached by the floors of gullies cut completely 


%The argument is implicit in Smuts (1945, 
p. 43); Bond and others (1955, p. 1-3); and Cooke 
(1946, p. 257-258). See also King (1948b, p. 217- 
218. I have benefited from discussion of it with 
Dr. J. D. Clark. 
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through the weathered mantle. Nor does it 
consider the effect of increase of area of con- 
tinuous vegetation as the postulated high rain- 
fall develops; this might give a result different 
from the one deduced. Again, the base from 
which the rainfall increase starts may be sig- 
nificant. If discontinuity of vegetation is slight, 
an increase in annual rainfall of, say, 10 inches 
might produce less conspicuous results than 
would a similar increase in a region of very 
discontinuous cover. 

An example of the apparent effect of a con- 
tinuous grass cover and high rainfall on stream 
loads was shown me by Mr. B. H. Baker in the 
Ngong Hills, Kenya. This area, underlain by 
volcanic rocks at an altitude of 7000-8000 
feet and with an estimated rainfall of 50 inches 
seasonally distributed, is completely covered 
with tough grass plus sparse trees. The plant 
cover is continuous from hill summits down to 
stream banks, and a thin mantle of rock waste 
is moving down-slope by soil creep. Slopes are 
smooth, and there are no gullies. Sheet erosion 
surely could not occur under these conditions. 
The stream is clear. 

It seems unlikely that any generalization on 
the relationship of climatic change to stream 
regimens on the subcontinent can have wide 
value until systeme tic measurements have been 
made in selected drainage basins, so that what 
is happening today can be clearly understood. 
Until this has been done it would seem best to 
draw inferences as to former climates from 
features other than alluvial stratigraphy. 
Observations on bodies of alluvium should be 
continued as supplements to the useful ones 
already in the literature. Meanwhile the 
probably large part played by strength and 
continuity of plant cover in the erosion of 
surfaces, particularly slopes, whether by de- 
flation or by running water, should be noted. 
When alluvium, colluvium, and eolian sedi- 
ments are considered, a change in rainfall 
sufficient to convert a continuous plant cover 
into a discontinuous one, or vice versa, might 
result in substantial geologic changes. Possibly 
even a change in the seasonality of rainfall, 
without change in its annual total, might have 
similar results in an area that is critical, or a 
threshold, in terms of vegetation. 


Evidence of Relatively Warm Climates 


Data assembled by Krige (1927, p. 67-72) 
during a study of emerged marine strand lines 
along the coast of South Africa show dis- 
crepancies in the distribution of fossil and 
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living marine invertebrates. Sediments identi- 
fied as related to a former sea level at +20 
feet contain a fossil fauna, some species of 
which are living today only at temperatures 
higher than those characteristic of the localities 
of their occurrence as fossils. It is inferred that 
at the time of higher sea level the climate was 
warmer than that of today. The fossils are not 
dated but are held to be of recent aspect. 
Judging from today’s surface sea-water 
temperatures, the differences referred to are 
of the order of 1°C.-3°C. 


Summary 


Evidence of former Pleistocene climates in 
eastern and southern Africa consists mainly of 
features that are not now forming actively in 
some particular area but are forming elsewhere 
under different climatic conditions. On the 
classical principle of uniformity of process, 
many of these features are considered as 
indicative of climates different from those now 
prevailing. Other lines of evidence are bio- 
geographic, consisting of anomalies in the 
distribution of living organisms, which seem 
explicable only on the assumption of climatic 
change. Most of the evidence pertains to 
changes in rainfall, but some of it suggests 
former climates cooler than those of today. In 
the equatorial region indications of former 
moister climate predominate over indications 
of former greater aridity, whereas in southern 
Africa the reverse is true. The cause of this 
difference is not yet apparent. 

The evidence is fragmentary, and its re- 
liability varies widely; at present it is difficult to 
evaluate in quantitative terms. Soils, whether 
buried or merely degraded at the present sur- 
face, seem to offer the best promise of quanti- 
fying climatic parameters. Sediments of former 
lakes, buried soils, and beds of wind-blown 
sand, occurring in stratigraphic sequence, seem 
most likely to afford the best evidence of the 
number of climatic changes that have occurred. 

The observation cited earliest in the literature 
as evidence of a pluvial climate—coarse stream 
gravel—is a less sure line of evidence than most 
or all of the observations cited here. The 
Magadi and Olorgesailie lakes imply repeated 
changes in the precipitation-evaporation ratio, 
as do the travertines of the Kaap escarpment. 
The distribution and amounts of wind-blown 
sand, as well as deflation basins, suggest de- 
creased rainfall or a lengthened dry season, 
although the change might have been small. 
Soil morphology (red tropical soils, ferricrete, 
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calcrete) suggests rainfall fluctuation through 
a possible range extending from less than 
18 inches to more than 45 inches (or, in part, 
fluctuation of seasonal distribution of rain) at 
various localities, although the data need 
refinement. At one locality grain size of col- 
luvium suggests former greater intensity of 
runoff. Forest distribution in general suggests 
former greater rainfall and possibly lower 
temperature as well. 

The data evolved by C. K. Brain (én Clark, 


1957) imply that in The Transvaal the existing | 


climate is closer to the drier than to the wetter 
inferred former climates. 

Ancient lower temperatures are suggested 
by the extent of former glaciation on equatorial 
East African mountains and by forest bio- 
geography at Kalambo and in the region be- 
tween the Ituri highland and The Cameroun. 
Both kinds of evidence suggest mean annual 
temperatures about 5°C. less than those of 
today. 

In this connection isotopic temperatures 
derived by Emiliani (1958) from sea-floor sedi- 
ments suggest that Pleistocene tropical surface 
sea-water temperatures fluctuated between 
~ +1°C. and —5°C. compared with those of 
today. Presumably average tropical air at sea 
level should have been in approximate thermal 
equilibrium with sea water and should have 
had similar temperatures. The very scanty 
temperature indications from southern Africa 
therefore seem consistent with the sea-floor 
data developed thus far. 

The climatic data, as far as they go, are 
compatible with the concept that the African 
continent has not changed its position with 
respect to the equator during the part of 
Pleistocene time they represent. 

This review of the evidence suggests that 
periods of rainfall both greater and less than 
today’s values formerly characterized parts of 
the subcontinent. It suggests also the possibil- 
ity of former lower temperatures, perhaps coin- 
ciding with times of increased rainfall. But it 
does not indicate whether increased rainfall 
occurred simultaneously throughout the sub- 
continent; possibly changes of opposite sign 
occurred simultaneously in different areas. Nor 
is it known whether the region of dry climate 
now centered in the Kalahari region shifted 
equatorward and then poleward with changing 
Pleistocene climates, or merely contracted when 
a pluvial climate prevailed and expanded dur- 
ing a nonpluvial regimen, as suggested by 
Flohn (1952; see also Butzer, 1957) for the 
Sahara region. In this particular case more 
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detailed geologic knowledge might answer the 
question. In other words, comparison of the 
data with the five questions put forward at the 
beginning of this paper shows that although 
attempts have been made at answering them, 
the results to date are not very satisfactory. 


METEOROLOGIC THEORY 


What more can be done with the data at 
hand, pending the accumulation of additional 
knowledge? Deduction from  meteorologic 
theory affords a useful basis of comparison with 
the direct evidence. The climatic regimen of 
the subcontinent today, described briefly near 
the beginning of this paper, is the logical start- 
ing point for an attempt to apply the field evi- 
dence of former climates that were different. 
What changes in today’s atmospheric circula- 
tion could be expected to result in the differ- 
ences in annual and seasonal rainfall and tem- 
perature values that are reasonably inferred 
from the field data? A partial answer to this 
question may lie in the circulation anomalies 
that appear from analysis of the atmospheric 
patterns developed during the period of instru- 
mental record. 

The rainfall data assembled by Kraus (1958) 
are pertinent. Selecting six areas within the 
subtropical belt (three south of the equator, in 
South Africa and Australia, and three north of 
it, in northeast Africa, India, and North 
America), he showed that during about the first 
half of the twentieth century, climates were 
conspicuously drier than in the later part of 
the nineteenth century. The change to drier 
climates was accompanied by widening of the 
low-latitude dry belts and by shortening of the 
rainy seasons (Kraus, 1955, p. 202). At climati- 
cally corresponding stations the change was 
simultaneous in both equatorial hemispheres. 
At several stations on the fringes of the dry 
belt the decrease in mean annual rainfall 
amounted to more than 30 per cent. The data 
show that substantial changes in rainfall means, 
lasting through several decades, actually occur 
in southern Africa, and that in some regions at 
least the changes are accompanied by widening 
and narrowing of low-latitude dry belts and by 
shortening and lengthening of the rainy 
seasons. 

Another analysis of modern circulation 
anomalies was made by Flohn (1952). He found 
that the pattern developed during unusually 
severe winters in the Northern Hemisphere 
today is a low-index or meridional pattern, in 
contrast with the high-index or zonal pattern 


characteristic of much less severe conditions. 
The meridional circulation is accompanied by 
reduced temperatures in the tropics and in- 
creased rainfall on low-latitude dry belts, which 
become narrower. 

If patterns of the kinds dealt with by Kraus 
and by Flohn are basically similar to the pat- 
terns that occurred during glacial maxima in 
Europe, they are worth comparing with the 
evidence of former climates in equatorial and 
southern Africa. Qualitatively there appears to 
be nothing in the evidence that could not be 
satisfied by the assumption that very low- 
index circulation patterns formerly prevailed 
over the subcontinent. If such patterns affected 
both polar hemispheres simultaneously, the 
equatorward limit of Antarctic pack ice at its 
annual maximum (today about 56°S. Latitude 
in the longitude of Cape Town) could have 
reached much farther north, accompanying and 
in part causing the activities mentioned hereto- 
fore, as described by Flohn for the northern 
hemisphere. This would have favored the re- 
duced temperatures, the increased rainfall over 
the broad territory in southern Africa that is 
now dry, and the glaciation of high equatorial 
mountains that are indicated by the field 
evidence. 

Even though conflicts are not apparent, 
application of the pattern to a glacial maxi- 
mum is only a theory based on analogy. The 
theory implies that glacial ages are contem- 
poraneous with pluvial ages, the relationship 
urged by Brooks in 1914 and considered reason- 
able by other students of the problem. The 
validity of the theory might be tested best by 
C dating and by the detailed and continuous 
measurement and correlation of Pleistocene 
marine strand lines and other emerged marine 
features from Mediterranean Europe south- 
ward down the African coasts. It might then 
be possible to relate bodies of alluvium along 
major streams, and even perhaps ancient soils, 
to particular strand lines. Some strand-line 
research has been done along African coasts 
south of the Mediterranean; this includes the 
South African study by Krige (1927). 

While the meteorologic study is being re- 
fined, as it undoubtedly will be, the accumula- 
tion and evaluation of direct evidence—abso- 
lutely essential to the reliability of the over-all 
results—should be actively pursued. This 
should include: (1) attempts at stratigraphic 
correlation of Pleistocene sediments and other 
features having climatic implications; (2) in- 
tensification of attempts to set quantitative 
limits to rainfall and temperature of former 
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climates and to discriminate between evidence 
of former changes in (a) annual rainfall and 
(b) length of dry seasons; and (3) study of 
cores drilled from Pleistocene sediments be- 
neath selected lakes and areas of swamp or 
exceptionally high water table. In such places 
long or complete Pleistocene sequences could 
reasonably be expected. Fossil pollen should 
afford invaluable ecologic and hence climatic 
data, lake microfauna might afford depth data, 
and similarity of sequence should make corre- 
lation possible. In these special wet environ- 
ments included organic matter should have 
escaped oxidation and hence should make 
possible dating and correlation by C%, at least 
within the upper and younger part of the 
sequence. Among lakes, Naivasha and Victoria 
are obvious candidates; other wet basins, of 
which there are many, include the Kafue Flats 
west of Mazabuka and the Lake Bangweulu 
swamps east of Fort Rosebery, both in Northern 
Rhodesia. 

When the stock of data has been enlarged 
and refined in these ways, it should become 
possible to construct more detailed models 
of former circulation patterns that would 
satisfy the evidence and at the same time be 
dynamically reasonable. This is a long-term 
geophysical objective. Equally important for 
the anthropologist is the light that research in 
this direction would throw on the environments 
of early man in equatorial and southern Africa. 
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BLANCAN MAMMALIAN FAUNA FROM RIO GRANDE VALLEY, 
HUDSPETH COUNTY, TEXAS 


By W. S. STRAIN 


An early Pleistocene age can now be assigned 
to a part of the basin fill in the Rio Grande 
Valley, Hudspeth County, Texas. Previously 
no precise age was known because of a lack of 
fossils. Bones are extremely rare, but a sufficient 
number have recently been found to determine 
that, in part, a local fauna of Blancan age is 
present. 

The area considered is northeast of McNary, 
Texas, in the southeastern part of the Hueco 
Bolson. The Rio Grande traverses the Hueco 
Bolson from El Paso to the Quitman Mountains, 
and the principal exposures are in intermittent 
tributary streams. The basin fill that yielded 
the bones originated as channel, flood-plain, 
playa, and possibly alluvial-fan deposits. They 
are composed of claystone, siltstone, sand, 
and gravel. Wells have indicated a thickness 
of more than 4000 feet in places, but only 600 
feet of the upper part of the section is exposed 
in the stream valleys near McNary. The signif- 
icant fossil-bearing strata crop out in the 
Campo Grande, Diablo, Madden, and Balluco 
arroyos. 

Albritton (1938, p. 1768) remarked that the 
sedimentary fill had no formal name, although 
Baker (1927, p. 39) and Bryan (1938, p. 205) 
had vaguely referred it to the Sante Fe forma- 
tion, and Sayre and Livingston (1945, p. 39) 
followed Bryan’s suggestion. The writer con- 
curs with Albritton and will propose formal 
names for the formations in a forthcoming 
paper. 

The lower part of the section forms a distinct 
unit, herein referred to as Unit A (Fig. 1). It 
is composed of red, brown, and gray claystone 
and siltstone and contains some bentonite and 
gypsum. The fill is rather evenly bedded and 
was formed from sediment deposited by streams 
with very low gradients. The preliminary 
faunal list for Unit A is as follows: Testudo, 
Geomys, Nannippus, Sigmodon, Citellus, Sca- 


lopus. 
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Because Testudo and Sigmodon are forms 
which today are restricted to warm climates, 
it is reasonable to assume that the climate of 
this area was warm at the time these animals 
lived. 

The upper part of the section, Unit B, lies 
unconformably on Unit A and is composed of 
poorly consolidated gray sand and brown 
clayey sand, volcanic ash, and silt. Gravel is 
also present in channels and lenses, but it con- 
stitutes only a small part of the total volume 
of the fill. Unit B represents principally stream 
channel and flood-plain environments, but 
playa and aeolian environments are indicated 
to a lesser degree. The volcanic ash in the 
middle of Unit B occurs in isolated lenses and 
was probably preserved in playas or oxbow 
lakes. It is petrographically distinct and is 
tentatively identified as Pearlette ash. If 
further research proves this identification to 
be correct, this will provide a means of precise 
correlation with the Great Plains geologic 
section of the Pleistocene. The preliminary 
faunal list for Unit B, below the Pearlette (?) 
ash, is as follows: Equus (Plesippus), Nannip- 
pus, Testudo, Tapirus, Megalonyx, Glyptodon. 

At least the fossiliferous part of Unit B is 
thought to be Pleistocene, early Kansan or 
older. The species of Plesippus from Unit B is 
very similar to, if not identical with, P. ida- 
hoensis, which is known to be Pleistocene. 
Plesippus-Nannipus association is not known 
to occur later than early Kansan. Tapirus and 
Testudo suggest the climate was warm at the 
time these animals lived in the area, which 
would indicate that Unit B is probably Afton- 
ian. 

Unit A is believed to be younger than medial 
Pliocene because the gophers and ground 
squirrels are more advanced than those of 
Hemphillian age. If the evidence previously 
enumerated is accepted as indicating a warm 
climate, the geologic age of Unit A could be 
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Pliocene; or it may represent an interglacial age 
in the Pleistocene, probably Aftonian. 

In the area under discussion, Unit B is 
capped by surface caliche. To the northwest in 


the vicinity of El Paso, a gravelly sand, just | 
below the surface caliche, contains Equus | 
(sensu stricto) and Mammuthus, but Bison has 
not been recognized in it. In North America 
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these forms are not known to occur in deposits 
older than late Kansan (Hibbard, 1958, p. 6), 
and Bison is not recognized in deposits older 
than medial Illinoian (Flint, 1957, p. 469). 

From these data it is logical to conclude 
that the gravelly sand near El Paso was de- 

sited at some time between early Kansan 
and medial Illinoian; that the Rio Grande, in 
the Hueco Bolson, began to entrench itself in 
the older basin fill after late Kansan and prob- 
ably before medial Illinoian time. 

Regardless of the uncertainty concerning the 
age of Unit A, the information here presented 
represents a definite advance in knowledge. A 


| Blancan age can now be assigned to a part of 


the exposed Cenozoic strata in the Hueco 
Bolson, Hudspeth County, Texas. 
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QUANTITATIVE STUDY OF COLUMNAR JOINTING 


By C. Nosie BEARD 


Wherever columns or joints are caused by 
shrinkage in tabular igneous rocks during 
cooling, prisms occur in a variety of geometric 
forms. Descriptions, diagrams, and pictures 
frequently imply that in practically all out- 
crops hexagonal prisms predominate. Authors 
generally hasten to add that the development 
of perfect or nearly perfect hexagonal columns 
is dependent upon many conditions. A few 
authors mention similarity of origin of mud 
cracks through tension set up by desiccation, 
but photographs and descriptions of such 
fractures demonstrate that playas are practi- 
cally the only sites where well-formed polygons 
may be found. 

Theoretically, the easiest relief of tension 
that is equal in all directions within a layer 
of mud or lava is by the formation of numerous 
regularly spaced centers having three fractures 
that make angles of 120° with each other; thus 
hexagonal columns are the only type formed 
(Billings, 1954, p. 115-117), but this is the 
ideal condition dependent upon slow, uniform 
shrinkage of homogeneous material. 

Significantly, F. E. Matthes, famous for his 
studies of topography in the Sierra Nevada 
of California, recorded in his notes on the 
Sequoia National Park region that in one 
Pleistocene lava flow just outside the park 
“Perfect columns are six-sided, exactly hexag- 
onal; but such columns are rare. The great 
majority have five sides, and some have only 
four.” (Matthes, 1956, Fig. 124). 

The writer noticed in volcanic districts of the 
United States that the columns in ordinary 
exposures of basalt or similar igneous rock 
generally consisted largely of pentagons with 
some quadrilaterals and that hexagons were 
hard to find. Consequently, in 1955 he visited 
localities in America and Europe celebrated for 
their jointing to gather data on shapes, sizes, 
and attitudes of the rock pillars. Furthermore, 
evidence was sought as to the reasons for the 
shapes of the columns and the degree of ap- 
proach to ideal conditions of cooling. 

Since the writer believes that the ordinary 
outcrop tends to have a predominance of poly- 
gons that are not hexagonal, counts from three 


| typical exposures are presented (Table 1). 


The outcrop in the Craters of the Moon 
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region was about 5 miles north of the Monu- 
ment boundary, since the Monument itself has 
no locality noted for columnar jointing. The 
columns were fairly well defined, but care had 
to be taken in choosing columns that could be 
counted because of rounding of the columns 
between faces. Such rounding permits almost 
any interpretation as to the number of sides 
represented. Dominance of pentagons (56 per 
cent) and small percentage of hexagons (16 per 
cent) characterize this outcrop. 

The second locality, in a railroad cut at 
Dunsmuir, California, is in basalt (Pleistocene?) 
that flowed southward from Mount Shasta; 
erosion by the Sacramento River has exposed 
the basalt for more than half a mile. The domi- 
nance of pentagons over hexagons is marked. 

The data from Lewiston, Idaho, were com- 
piled from a typical jointed portion of the 
Miocene basalt of the Columbia Plateau. There 
is a slight dominance of pentagons over hexa- 
gons, tending to support the writer’s assump- 
tion. 

As a type of control, columnar joints were 
examined in several famous localities, and 
counts of the number of sides were compared 
with counts recorded in the literature. In 
addition, any pertinent facts regarding size 
and attitude were recorded. Table 2 shows 
the results of the counts. An attempt was made 
to get counts from the Palisades in the region 
around Fort Lee, New Jersey, but the jointing 
was rather crudely developed and was con- 
sidered nondiagnostic. 

The Giant’s Causeway seemingly has the 
best developed jointing in the world, since it 
has the highest percentage of hexagons. The 
outcrop is about 300 yards long by 200 yards 
wide and, according to Rohleder (1929, p. 21), 
is the lower part of an ancient flow (believed 
to be Miocene) that was faulted and dropped 
downward to sea level. The columns have a 
maximum diameter of 27 inches and a maxi- 
mum height of 36 feet. In an outcrop about half 
a mile east of the Causeway and believed to 
be part of the same flow, the columns are bent 
(in the feature called the Giant’s Organ) in the 
supposed direction of flowage. 

The writer’s count of pentagons and hexa- 
gons compares favorably with a count made 
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by a Mr. O’Reilly in 1879 and recorded in the 
literature. Mr. O’Reilly found 31 per cent of 
pentagons and 48 per cent of hexagons. 
Tomkeieff (1940) considered the Giant’s 
Causeway region a type locality for columnar 


height was 45 feet. The outcrop reminds one of 
the Devil’s Postpile in California. 

At the Devil’s Tower in Wyoming, the huge 
mass of intrusive rock (865 feet high) shows 
marvelous development of some of the largest 


TABLE 1.—CountTs OF COLUMNAR JOINTS IN ORDINARY EXPOSURES 
Number of sid d ta 
umber oO! sides and percentage 
Pleistocene basalt flow, Craters eat 14 28 8 teen. 
of Moon region, Idaho (28%) (56%) | (16%) | oe 50 
Pleistocene basalt flow, Duns- 1 29 92 | 67 9 2 200 
muir, California (8%) | (14.8%) | (46%) | (83.5%) | (4.8%) | (1%) 
Miocene basalt flow, Lewiston, .... 5 30 28 | 7 ae: a | 
Idaho* | (7.5%) | (45%) | (41.5%) | 6%) 
* Count through the courtesy of Dr. C. D. Campbell, State College of Washington 
TABLE 2.—CounTs OF COLUMNAR JOINTS IN Famous LOCALITIES 
Number of sides and percentage Total 
3 4 3 5 | 6 7 — counted 
Giant’s Causeway basalt, | ap | 204 | 37 | 1 00 
north Ireiand (4. 5%) | (51% | 9.25%) | (.25%) 
Mount Rodeix basalt, Au- | 65 5 200 
vergne region, France ast) 0% | (32.5% | (2.5%) 
Devil’s Tower phonolite, | 35 100 
eastern Wyoming | (35%) | (6%) 
Devil’s Postpile basalt, 2 | | 150 | 178 | 32 400 
eastern California (.5%) | (9. il (37.5%) | (44. 5%) | (8%) | 


jointing. He divided every flow of the area 
into (1) a lower basal “colonnade” having 
regular vertical columns of the largest diameter, 
and (2) an upper “entablature” composed of 
three subzones which from top to bottom were 
vesicular, pseudo-columnar, and sheeted with 
some curved and relatively small diameter co- 
lumns. He considered the Giant’s Causeway a 
fine example of the “colonnade”, developed 
through slow, uniform cooling at the base of a 
rather thick flow (about 120 feet). 

The Auvergne region of central France was 
examined under the general guidance of Dr. 
Maurice Roques of the Laboratoire de Géo- 
logie, Clermont-Ferrand. Excellent jointing 
was seen only at the top of Mount Rodeix, 
and the predominance of pentagonal columns 
there was very evident. The average diameter 
of the pillars was about 1 foot, and the maxi- 
mum diameter was 19 inches; the maximum 


columnar joints in the world. The rock pillars 
are vertical or nearly so in the upper two- 
thirds of the butte, but in the lower or basal 
portion they bend outward into a_ broad 
shoulder area and give way to vertical, inclined, 
and horizontal joint sets which divide the rock 
into many blocks and sheets. The largest 
column observed was 1614 feet in diameter, 
but the average diameter was 7-8 feet. A 
count was difficult because most of the columns 
found as talus are rounded; thus some of the 
columns had to be viewed as they formed a 


part of the Tower itself. 


The dominance of pentagons over hexagons | 
at the Tower apparently has little relation to | 


the origin of columns in general, since author- 
ities are divided as to whether the structure 
was a laccolith or a volcanic neck. The presence 
near by of the Missouri Buttes, which generally 
have been called laccoliths, led the National 
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Parks Service for many years to call the intru- 
sion a laccolith, but recent opinion seems to 
favor considering the Tower a volcanic neck. 
The Tower resembles several necks of the 
Navajo-Hopi country of Arizona and a neck 
about 500 feet high near Catania, Sicily. 

The Devil’s Postpile of eastern California 
shows numerous columns that are bent later- 
ally, thus giving the name to the lava remnant. 
The pillars are up to 60 feet high and 314 feet 
in diameter. The cause of the bending is not 
known to the writer, but presumably it is re- 
lated to proximity to irregular cooling surfaces 


_ of the Pleistocene flow, probably in the middle 
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In making the count presented in Table 2, 
care was taken to avoid columns with rounded 
surfaces; this procedure undoubtedly accounts 
for the difference between the writer’s count 
and one made by a ranger naturalist of the 
National Parks Service (Hartesveldt, 1952, 
p. 145). The writer’s count showed only 4414 
per cent of hexagons, whereas Hartesveldt’s 
count had 5514 per cent of hexagons. However, 
both counts demonstrate that hexagons domi- 
nate; therefore there was a close approach to 
ideal cooling conditions. 

It is difficult to place the Devil’s Postpile 
vertically within the lava flow, but from field 


_ observations it seems to be basal; consequently 


it would belong in the ‘“colonnade” of 
Tomkeieff. 

An important analysis of the probable factors 
bearing upon the origin of columns ranging up 
to 120 feet in height in the basalt of the Syden- 


ham region near Melbourne, Australia, was 
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made by James (1920). Counts of several 
hundred columns gave the following percent- 
ages: quadrilaterals 3, pentagons 22, hexagons 
40, heptagons (7 sides) 22, and octagons 13. 
James did not speculate on probable causes of 
the percentages, but it is noteworthy that he 
found such high percentages of heptagons and 
octagons. He was emphatic in his belief that 
bending of the columns could not occur by 
flowage after the columns formed. 

Thus, in most outcrops of columnar jointing 
pentagonal prisms are dominant. It is only in 
such localities as the Devil’s Postpile, the 
Giant’s Causeway, and the flows of Sydenham, 
Australia, that exceptionally favorable circum- 
stances produced more hexagons than any 
other form. 
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